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Summary 
 
The habitats of many ground-based fauna species in developing urban regions have altered in 
their structure and are often isolated from other habitat locations due to the urban growth. 
Habitat areas that are well connected to other fragments of habitat have been shown to assist 
particular fauna in their movement from one location to another. Two key benefits of faunal 
movement are the transfer of genes resulting in improved genetic diversity and support for 
larger populations of particular species. Habitat connectivity is therefore seen as critical to the 
survival of many fauna species in urban locations. Lack of habitat connectivity in the 
landscape poses the critical threat of extinction to many ground-based species. This thesis 
develops a multispecies method for assessing habitat connectivity in urban landscapes. 
While effective conservation management requires a multispecies approach to establishing 
conservation priorities, connectivity is in fact a species-specific attribute of the landscape. 
This study aims to assess connectivity by developing a multispecies method based on 
species-specific considerations, thereby addressing the differences in the two aspects. The 
application of graph theory is well suited to modelling the structure of urban landscapes. A 
graph-based multispecies method was designed based on specific criteria relating to a 
biologically realistic assessment of connectivity. This was then applied to Metropolitan 
Melbourne by determining the habitat networks of four ground-based fauna species and 
assessing connectivity across species networks. The method was then evaluated by testing the 
sensitivity of modelling outputs to the determination of the maximum effective distance for 
the target species and the resistance values that were used to quantify the species resistance 
layers. The species-specific connectivity outcomes were then overlaid and combined in order 
to assess overall ecological connectivity. Within the study area fragmentation is known to be 
one of the major threats to native vegetation and consequently to the species that inhabit the 
study area. Improvement of ecological connectivity in Melbourne is one of the proposals to 
enhance the condition of flora and fauna. 
iii 
 
The revised method comprises four key steps. These are: (1) choice of target species for a 
given urban region; (2) construction of species-specific networks within that region; (3) 
connectivity measurement of species-specific networks; and (4) combination of connectivity 
results to assess the ecological connectivity for the urban region. In general, this study offers 
three innovations.  First, the graph-based multispecies method is innovative in terms of 
multispecies capacity to consider species-specific characteristics when assessing 
connectivity. Second, it establishes a rigorous set of graph-based metrics that determine 
essential dimensions of connectivity: connectivity between two specific habitats, connectivity 
of the whole network, and those habitats that contribute most to connectivity. Third, the study 
developed a new algorithm for the identification of gaps in species habitat networks. In 
addition, the method offers new insights into the development of species-specific resistance 
layers. The multispecies method allows for flexibility in decision-making by providing 
opportunities for trade-offs between different conservation alternatives. The method will 
serve as a foundation to support conservation planning and decision-making through the 
establishment of priority areas within the urban landscape that will enhance connectivity and 
support biodiversity. This multispecies method will assist any conservation authority to avoid 
redundancy in planning and decision-making, thereby ensuring long-term financial savings in 
conservation projects. 
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Chapter 1. Introduction 
Urban growth often disturbs and degrades the ecological value of landscapes. It fragments 
native vegetation and isolates habitats from each other, which then become surrounded by a 
built environment. Fragmentation of habitats disrupts the biological processes across the 
landscape and highlights the importance of connectivity between habitat fragments. 
Connectivity is a structural attribute of the landscape. Connectivity refers to the capacity of 
the landscape to facilitate the biotic flows across the landscape (Taylor et al., 1993).  Flows 
are known as fluxes in ecological studies. Connectivity facilitates the movement of species 
and the transfer of their genes among habitats within the landscape. The importance of 
ecological connectivity increases in highly urbanised landscapes. Urbanised landscapes are 
often heterogeneous in structure, comprising fragmented remnant vegetation and habitat 
patches scattered in the urban matrix. Lack of ecological connectivity causes a decline and 
can lead to an extinction of biological populations and their habitats within the urban 
landscape.  
Maintenance and enhancement of connectivity is a biological conservation strategy used to 
support urban biodiversity. Assessment of ecological connectivity identifies those areas 
where connectivity can be maintained within the urban landscape. There are several 
methodologies available to study ecological connectivity. The choice of the method and 
measures is important to give meaningful biological assessment of connectivity (Kindlmann 
and Burel, 2008). This research project aims to adapt a suitable method to assess ecological 
connectivity for urban landscapes. Further explanation on the context and scope of the study, 
aim, research questions, and rationale are presented in this chapter. The methodology and the 
thesis outline are also explained.  
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1.1 Research context 
The evolution of cities as places for the gathering of people inevitably led to those places 
providing the facilities and services required to maintain them. The places for these cities, 
irrespective of their size, replace what was formerly in that particular landscape and with 
growth in population the landscape is constantly subsumed. Therefore, humans are the 
component of ecosystems with the highest potential impact on the landscape (Vink, 1983) 
and landscape is a dynamic entity containing repeated internal heterogeneity in pattern and 
process (Forman and Godron, 1986). While human beings influence the landscape, they alter 
both the structure of the landscape in terms of the landscape components such as patches and 
corridors, and their spatial arrangement and also degrade the ecological functionality of the 
landscape. Air pollution, water and soil degradation, less humid and warmer climate caused 
by urban heat islands, degraded ecosystems and destroyed habitats, threatened native species 
and species extinction and the introduction of exotic species, and extensive human 
constructions such as transport infrastructures, high-rise buildings and city blocks, are only 
some examples of negative impacts associated with human modifications in urban landscapes 
(Alberti, 2005; Forman, 2008; Hough, 2004; Warren, 1998; Wheater, 1999). 
The landscape modifications and constructions of humans greatly influence species habitats 
in the urban landscape. Habitat is defined as an area with suitable resources and conditions to 
support the occupancy, survival and reproduction of a given species (Hall et al., 1997) and 
therefore is a species-specific property (Miller, 2007). Habitats have become structurally 
modified and functionally degraded. Habitats have been modified in shape, fragmented, 
shrunk in size, or even been lost in this process (Alberti, 2004; Young and Jarvis, 2001).  
Connected fragmented habitats within the urban landscape have the potential to allow fauna 
and flora species to survive (Hough, 2004; Stagoll et al., 2012). Habitats may still retain 
elements of the original ecosystems before urban growth (Hough, 2004) while they are 
surrounded by the urban matrix with its associated impacts. Examples of remnant habitats in 
the urban landscape are scattered trees, urban forests, woodlands, lakes and reservoirs, golf 
courses and cemeteries. Even the backyards of buildings can play a key role in conservation 
of species in the urban context (Rudd et al., 2002). Habitat fragmentation is a threat to 
biodiversity and biological processes (Lindenmayer and Fischer, 2007; Saunders et al., 1999). 
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The threat of urban growth is also identified by the change in the flora (Hahs et al., 2009b) 
and fauna (Forman et al., 2002) in urban landscapes. 
As a result of these dominant changes in the landscape, new spatial patterns and structures are 
generated. The urbanised landscape has diverse components (ecosystems, land uses and land 
cover types), forming a heterogeneous mosaic structure in which fragmented habitat patches 
are scattered in the urban matrix similar to islands. A patch is defined as a surface, differing 
from its surroundings in terms of nature or appearance (Turner et al., 2001) and a matrix is 
defined as the rest of the landscape after excluding habitat patches (Kindlmann and Burel, 
2008).  
The highly modified structure of an urban landscape potentially disrupts its ecological 
processes and impedes the biological flows across the landscape acting as a barrier to these 
fluxes (Turner et al., 2001). Fauna and flora species can have either behavioural or numerical 
responses to these barriers (Forman et al., 2003). In this context, the degree to which these 
isolated habitats are linked together is a key factor associated with biodiversity in cities. 
Connectivity between habitats facilitates the biological fluxes and gene flow across urban 
landscapes. It is generally accepted that connectivity among a highly fragmented landscape 
can improve the condition of biodiversity (Bennett, 2003; Collinge and Forman, 1998; 
Henderson et al., 1985) important for biological conservation (Noss et al., 2012) and 
ecosystem health  (Farina, 2000).  
 
1.2 Scope 
This research project will undertake a landscape ecological approach to the study of 
ecological connectivity. Landscape ecology is a discipline which focuses on patterns and 
processes over an area of land and the relationship between the patterns and the processes 
(Turner et al., 2001). The research project studies the ecological connectivity for highly 
modified and fragmented urban landscapes, where faunal and floral species inhabit 
fragmented and isolated habitats within the urban mosaic.  
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While ecological connectivity benefits a wide range of biotic and abiotic processes, this study 
focuses on the movement of ground-based faunal species. More specifically, although 
ecological connectivity benefits faunal species with different movement patterns, this 
research focuses on long distance movements and dispersal within the urban landscape. 
Species dispersal is important to the transfer of species genes. Furthermore, species disperse 
in a wider area for a longer period of time for breeding purposes or to adapt themselves to 
new climatic conditions. 
Rather than focusing on the planning and social aspects of connectivity, this study is 
restricted to conservation planning by establishing tools and methods required to study 
connectivity in an urban environment. The results from this research project will assist 
conservation planners and decision makers in supporting biodiversity within urban 
environments. The scale of this study is regional as this is the appropriate scale to address 
ecological connectivity within the urban environments (Forman, 2008).  
 
1.3 Aims and research questions  
The research project aims to develop an analytical method to assess ecological connectivity 
for urban landscapes in order to identify those areas that are critical for maintenance and 
enhancement of connectivity. The research will take a multispecies approach by considering 
a few different species with different movement characteristics and habitat requirements. This 
research aim raises a number of research questions that will be addressed within the study. 
The questions are: 
1. What is the definition of ecological connectivity for urban landscapes for the 
purpose of biodiversity and biological dispersal? What are the benefits of 
ecological connectivity for biodiversity within the urban landscape? 
2. What dimensions and criteria need to be considered while studying ecological 
connectivity?  
3. What datasets are necessary to assess ecological connectivity in urban 
landscapes? 
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4. What are the contemporary methods that have been applied so far to assess 
ecological connectivity? Which of them is more suitable to be adapted for 
studying the structure of the urban landscapes? 
5. How adaptable are the existing methods to the study of connectivity in urban 
landscapes and can these satisfy the required criteria? 
6. Which measures are appropriate to address different aspects of connectivity in 
the urban landscape?  
7. Given the fact that urban inhabitant species differ in terms of habitat 
requirements and dispersal abilities, does the proposed method consider all 
these differences? 
8. How robust and practical is the proposed method when applied to multiple 
species?  
9. What spatial scales are most appropriate for a multispecies assessment of 
connectivity? 
10. How transferable is the proposed method for use in other urban environments? 
 
1.4 Rationale 
1.4.1 Connectivity is vital for urban biodiversity 
The consequences of urban growth on biodiversity have become a problem for most major 
cities. Section 1.1 explained that urbanisation radically influences species habitats through 
the conversion of extensive natural areas into fragmented and isolated islands within the 
urban matrix (Hough, 2004). This threatens urban biodiversity that is often located within 
small fragments of habitats (Parker et al., 2008). Ecological connectivity between fragments 
of habitats is a vital feature of the landscape that enhances the dispersal of species and 
thereby their long-term viability within the city (Hamer and McDonnell, 2010; Wheater, 
1999). The benefits of connectivity to urban biodiversity are extensively explained below. 
1.4.1.1 Connectivity facilitates biological movement  
Connectivity facilitates different types of biological movement. Most species need to forage, 
disperse, and migrate between their habitats in order to obtain their daily or lifetime needs 
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and locate new sources of energy. Foraging is a short-term type of movement which is 
undertaken in order to provide food, water, refuge and resting sites (Soulé et al., 2004) and 
this occurs within the species’ home range distances (Forman et al., 2003). Species dispersal 
over long distances is a long-term type of movement that potentially results in a flow of 
biological genes (Doerr et al., 2010). Natal and breeding dispersal are examples of this type 
of biological movement. Gene flow refers to the transfer of new genes and genetic 
combinations between populations (Forman, 1995a). Animal migration between locations is 
the other type of long-term biological movement, which may also be facilitated by 
connectivity (Forman et al., 2003; Soulé et al., 2004). Species can often have these types of 
long distance movements at different stages of their life cycles (Isard et al., 2001).  
Connectivity often becomes more important to the survival of threatened and keystone 
species (Soulé et al., 2004).  Threatened species are those which are at risk of extinction and 
have to be considered as conservation priorities in the urban landscape. Keystone species are 
the highly interactive species in the landscape, such as predatory species, or species which 
facilitate seed dispersal. Loss of these critical species will affect the survival of other species 
and over time will simplify ecosystems and reduce biological diversity (Soulé et al., 2004). 
A poorly connected landscape may not support biodiversity in the long term (Fahrig and 
Merriam, 1985; Goodwin, 2003; Hobbs, 2007) as it reduces the chance of a species finding 
suitable resources (Forman et al., 2003; Soulé et al., 2004) and increases the risk of 
inbreeding, and local species extinction, over time. This can be even more threatening when 
habitat patches are too small to support biological populations locally (Schmiegelow, 2008), 
which is a typical structural feature of habitats in highly urbanised cities. In order to maintain 
the diverse biological populations, their ability for dispersal between discrete habitats is 
necessary (Turner et al., 2001). 
1.4.1.2 Connectivity enhances biological diversity 
Enabling different species to move between isolated habitats facilitates the flow of genes 
across the landscape. Gene flow refers to the transfer of pools of new genes, and genetic 
combinations, between biological populations across the landscape (Forman, 1995b). This 
interchange between fauna and flora populations maintains biological diversity (Calabrese 
and Fagan, 2004). Over time connectivity enhances the evolutionary process by providing the 
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long distance transfer of species across the landscape (Soulé et al., 2004). Evolutionary 
processes change gene frequency and potentially new species will appear in the landscape 
(Mace et al., 2012). Furthermore, as discussed previously, the lack of connectivity may result 
in the loss of keystone species. Biological diversity in a landscape can be dependent on the 
presence of such species (Soulé et al., 2004). Also high connectivity of the landscape reduces 
the risk of inbreeding between biological populations (Forman et al., 2003), which is then 
restricted into isolated habitats. Species in habitats surrounded by the urban matrix may 
remain similar to those that originally colonised the patch (Wheater, 1999). In isolated 
habitats the diversity of genes will be simplified over time and in the worst case can lead to 
the total disappearance and extinction of the population. Connectivity enhances biodiversity 
and the ecological integrity of the urban landscape which leads to healthier ecosystems 
(Farina, 2000). 
1.4.1.3 Connectivity maintains meta-population  
According to the science of population ecology, a meta-population is a set of local species 
populations within a large area that are linked together by the dispersal of individuals and can 
collectively function as a larger population (Doerr et al., 2010; Hanski, 1999; Merriam, 
1990). A meta-population is more stable (Goodwin, 2003) and resilient (Soulé et al., 2004) 
and is more likely to persist long term under an urbanisation process. This is in cooperation 
with isolated small populations, which will suffer from genetic isolation and subsequent local 
extinction. A landscape with low connectivity may not be able to support viable populations 
of certain species over the long term (Fahrig and Merriam, 1994; Noss, 2007; Schmiegelow, 
2008).  
1.4.1.4 Connectivity leads to recolonisation of isolated habitats 
Urban habitats that are well connected provide the opportunity for dispersal between isolated 
habitats in the urban matrix. This urban matrix may be suffering from local decline or the 
extinction of their population. The possibility of dispersing to isolated habitats allows those 
areas to become populated and recolonised (Bennett, 2003; Forman et al., 2003). 
Recolonisation in isolated habitats saves declining populations and re-establishes populations 
which have become extinct in these habitats (Calabrese and Fagan, 2004). It has been shown 
that recolonisation occurs more rapidly in patches that are connected to other habitats rather 
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than in isolated patches (Turner et al., 2001). The probability of colonisation in a given 
habitat is a function of the number of species migrating to that habitat per year (Hanski, 
1994) and this can be facilitated by connectivity.  
1.4.1.5 Connectivity is an adaptive scenario in the face of climate change 
Enhancement of connectivity is listed as the most recommended strategy to enable 
biodiversity to adapt climate change (Heller and Zavaleta, 2009); this is also highlighted for 
urban landscapes (Wilby and Perry, 2006). The phenomenon of climate change is tied to the 
increase of atmospheric carbon dioxide and the average global temperature. As a 
consequence of these changes, climate change is known to be among the greatest drivers of 
biodiversity loss (Thomas et al., 2004) and the destruction of ecosystems (Soulé et al., 2004). 
Species may need to disperse in order to locate to new habitats and adapt themselves to the 
new climatic conditions (Hobbs and Hopkins, 1991). Species without the ability to disperse 
in the landscape to reach new climatically suitable habitats are less likely to survive (Thomas 
et al., 2004). In this context, providing connectivity between discrete habitats allows 
biological distribution and dispersal to occur across the urban landscape.  
1.4.2 Choice of a suitable method to assess connectivity still remains 
problematic  
Given the importance of connectivity for urban biodiversity, conservation planners are keen 
to maintain and improve connectivity of the urban landscape. Conservation biology needs to 
identify those critical areas in the landscape that contribute to maintaining connectivity or 
have the potential for enhancing connectivity. Such knowledge of the structure of the urban 
landscape serves as the basis for advancing conservation efforts in the improvements of 
landscape structure and the promotion of ecological connectivity in existing urban 
landscapes. Assessment of connectivity guides conservation and restoration efforts to those 
areas where biodiversity needs urgent support. On the other hand, urban planners benefit 
from this analysis by having a deeper understanding of species habitat networks and the areas 
that are contributing to connectivity. This understanding enables them to consider the 
importance of those areas while establishing the urban developments.  
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Due to the importance of ecological connectivity for biodiversity and ecosystems, the concept 
has been applied frequently in disciplines such as population ecology, landscape ecology and 
biological conservation. This has resulted in the availability of several methods, measures and 
approaches for studying different aspects of connectivity. Due to the overwhelming number 
of methods and measures applied (Kindlmann and Burel, 2008) and the lack of sufficient 
analysis on comparing their suitability and effectiveness (Bennett, 2003), choice of suitable 
methods and measures still remains problematic. This is addressed by establishing a 
multispecies method and a set of suitable measures suitable for assessment of connectivity in 
urban landscapes. 
1.4.3 Conservation biology requires a multispecies approach to connectivity 
while connectivity is a species-specific feature 
While it is important to study the total capacity of the urban landscape to the biological 
movements, connectivity is naturally a species-specific feature. This means that the same 
landscape may have different degrees of connectivity for different types of species (Crooks 
and Sanjayan, 2006a; Poodat et al., 2011). That is mainly because of three reasons: firstly, 
different fauna species have different movement abilities and so a specific distance that 
seems to be connected for a powerful individual disperser may not be connected for another 
with poorer dispersal ability. Secondly, species have different movement responses to 
different landscape attributes. For example, a low flow stream that seems to be a suitable 
habitat for a frog species may be a barrier to the movement of a small mammal such as the 
Dunnart as crossing through such a stream may pose the risk of mortality to that species. The 
last reason is that habitats are species-specific properties and as species within the urban 
landscape may have different suitable habitat patches between them, connectivity is desired. 
In fact, within the urban landscape there might be several habitat networks for different types 
of species and maintaining connectivity between them can improve their life condition. 
Therefore when studying species dispersal through a landscape, identifying the species-
specific consideration of connectivity is essential (Doerr et al., 2010).  
Moreover, to have integrated results for conservation of the entire urban landscape, a 
multispecies assessment of connectivity is required. Taking a multispecies approach enables 
more than one specific species to be assessed within the study. So far assessment of 
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connectivity has been restricted to studying connectivity only for a single species (Vesas et 
al., 2009), for species who share the same habitats (Bunn et al., 2000) or a generalised 
analysis of the connectivity for all biodiversity (Marulli and Mallarach, 2005), in which the 
species-specific nature of connectivity may not be presented thoroughly. On the other hand, 
the major challenge for conservation is the development of an effective method that is 
relatively simple to assess connectivity (Bennett, 2003). This study addresses this necessity 
by developing an effective method in which connectivity is studied through a multispecies 
approach with biologically realistic considerations such as incorporating the species-specific 
habitat requirements and movement characteristics. The multispecies aspect of the method 
potentially avoids duplications in planning and decision-making for a city resulting in 
integrated results for the whole landscape. 
1.4.4 Graph theory shows potential to assess connectivity by multispecies 
approach 
A number of contemporary methods will be evaluated to establish the most suitable method 
for connectivity assessment. The application of ‘graph theory’ is an advancing area of 
knowledge showing promise in the assessment of connectivity. Graph theory is a 
mathematical concept used for modelling the relationship between individual entities (see 
Chapter 3 for further explanation). Graph theory is an efficient and useful tool for 
conservation assessment (Urban and Keitt, 2001). Despite several applications and 
capabilities of the theory for this purpose, multispecies assessment in which species-specific 
considerations are incorporated in the assessment is still lacking (Urban et al., 2009). This 
research project investigates this aspect of graph application while assessing ecological 
connectivity of the urban landscape through a multispecies approach. 
1.4.5 Enhancement of connectivity is a conservation consideration for 
biodiversity in Metropolitan Melbourne  
Metropolitan Melbourne is the study area for this research project. Melbourne, capital city of 
the State of Victoria, in the south-east of Australia,  has been suffering from the negative 
impacts of urbanisation since its establishment in 1835 (Neutze, 1981). The main portion of 
native vegetation in Metropolitan Melbourne is suffering from fragmentation (Hahs et al., 
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2009b). A consequence of the high level of modification of the native vegetation in 
Melbourne is a long list of fauna and flora species which are now rare or threatened 
(Department of Sustainability and Environment, 2007a, 2009a). Enhancement of ecological 
connectivity is a key opportunity to support the biodiversity of Metropolitan Melbourne. 
Restoration of ecological connectivity has already been initiated through several projects 
across Australia and Victoria (Habitat 141, Undated; Wyborn, 2011). Of all the states of 
Australia, Victoria is the most cleared, with 53.8% of the original extent of native vegetation 
cleared for agricultural and urban development (Victorian Environmental Assessment 
Council, 2010b). Melbourne is the capital of the state of Victoria and is a major city of 
Australia. About one fifth of the Australian population lives in Victoria with more than 70 
percent of those 5.53 million people living in Melbourne (ABC News, 2011). Locating 
connectivity restoration zones within the urban landscape is also required to support 
inhabitant biological populations in Metropolitan Melbourne.  
The resultant method from this study will assist with identifying the restoration scenarios 
where there is the opportunity to maximise connectivity for a wide range of species. 
Metropolitan Melbourne also offers a regional scale necessary to develop and evaluate the 
multispecies method. 
 
1.5 Methodology and thesis outline 
This research project will be carried out through a case study approach. Metropolitan 
Melbourne is selected as a highly modified urban landscape suitable for the purpose of the 
study. A specific conceptual model is designed and then applied to the study area to assess 
the ecological connectivity. The conceptual model comprised four key steps: 
1. the choice of target species for connectivity study  
2. the construction of the habitat network  model for each target species 
3. evaluation of connectivity of species habitat networks  
4. the overlay of species models and analysis of combined habitat networks. 
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Designing the method to be used will require two dimensions which make it distinct from 
contemporary methods: the multispecies dimensions and the graph-based approach taken. 
This study will take a multispecies approach to assess connectivity within the urban 
landscapes. The study selects a number of ground-based fauna species and incorporates their 
specific habitat requirements as well as their movement interaction with urban landscape 
components while dispersing. The study will apply the graph-based approach to conduct the 
multispecies assessment. Graph theory is an advancing field of knowledge for the assessment 
of connectivity. Having a multispecies approach, species habitats and their connectivity will 
be represented as nodes and links to simplify the complexity inherent in habitat connections, 
and their relative importance will be assessed. These graph models will be then overlaid to 
prioritise the urban habitats based on their contribution to ecological connectivity and to 
identify gaps in the landscape where connectivity needs to be restored. The method will be 
applied to Metropolitan Melbourne and then will be evaluated based on its capability, 
robustness and limitations. This results in an enhanced method that avoids limitations and is 
applicable to other case studies. The research will be implemented by the use of GIS and 
associated software packages. All the steps taken to conduct the research will be presented in 
this manuscript through eight chapters. The contents of each chapter are briefly outlined as 
follows: 
Chapter 2:  
Chapter two will review the methods that have been used to assess connectivity within 
developing urban regions. The chapter will define connectivity for the purpose of this study 
by studying the controversies around definition of the concept. Then it will establish the 
criteria required while studying connectivity. The chapter will present a review on the history 
of connectivity methods and will determine a method that is capable of meeting the 
established criteria. This chapter is going to answer the first, second and fourth research 
questions. 
Chapter 3: 
Chapter three will present the theory of this research by explaining the adaptation of graph 
theory for multispecies assessment. The chapter will review the fundamentals of graph theory 
and the history of graph applications for connectivity assessment. Then the chapter will 
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explain the conceptual model that is designed for this study. This chapter is going to answer 
the fifth and sixth research questions.  
Chapter 4:  
Chapter four will explain the case study that was determined for the application of the 
conceptual model. The chapter will also explain the attributes of the study area and the 
background of relevant studies. Then the chapter presents the four ground-based species that 
were selected for the assessment of connectivity in this study. Finally the chapter will present 
information on input data. The chapter is going to answer the third and ninth research 
questions. 
Chapter 5: 
This chapter will present the first phase of the analysis which will be about the assessment of 
habitat connectivity for target species. The chapter will determine four habitat network 
models, one for each target species. Then it presents the assessment of the connectivity of 
species networks using graph-based metrics. It also presents the identification of the 
restoration areas within species habitat network. By the end of this chapter there will be a 
discussion and the results achieved from the first phase. This chapter is going to provide 
answers to research questions six and seven. 
Chapter 6: 
This chapter will present the second phase of the analysis which is on the sensitivity analysis 
of species networks to a number of variables by conducting four different approaches. Then 
the chapter will present a discussion on the results achieved from the sensitivity analysis. The 
chapter will answer the eighth research question. 
Chapter 7: 
This chapter will present the third phase of the analysis which is on combining the species 
networks. The chapter will explain the analysis on combining the species-specific 
connectivity results and prioritising the entire study area to maintain the connectivity of the 
study area. In addition to that the chapter will present the analysis on combining the species-
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specific results and identifying the restoration areas to promote connectivity of the study area. 
Also it presents an analysis on trade-offs between restoration areas and identifying the most 
influential areas. By the end of this chapter, there will be a discussion on the results achieved.  
Chapter 8: 
This chapter will present the synthesis of results and conclusions. This will explain the 
research findings and evaluate the method that was developed by its importance and 
limitations. Then based on those discussions the chapter will present the revised method for 
future applications. By the end of this chapter the further areas of research and the answers to 
the research questions will be explained. Generally this chapter is going to address research 
questions seven, eight and ten. 
1.6 Summary 
Ecological connectivity is a vital attribute of urban landscapes which facilitates the dispersal 
of fauna species between their specific habitats. Lack of connectivity in the landscape poses a 
critical threat of extinction to many ground-based species. Effective management requires a 
multispecies approach to the assessment of connectivity while connectivity is a species-
specific feature in biological conservation studies. The aim of this study is to address this by 
developing a multispecies method based on species-specific considerations. Having a 
multispecies approach, this study will adopt the application of graph theory to study 
connectivity of urban landscapes. Application of this theory shows promise for the 
measurement of connectivity. Metropolitan Melbourne is selected as the study area and a 
four-step approach will be conducted to assess the connectivity across the study area. Having 
a multispecies approach, a number of target species are selected to study the connectivity of 
the landscape relevant to those species. Then the results will be combined to conduct a 
multispecies assessment. The enhanced method is established upon the application of the 
four-step method in the study area. Such knowledge of ecological connectivity serves as the 
basis for conservation planners and decision-makers to enhance the structure of the urban 
landscape in order to more effectively maintain and restore ecological connectivity and 
protect biodiversity. 
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Chapter 2. Methods to assess connectivity 
within developing urban region 
 
In Chapter 1 the impact of urbanisation on species habitats was explained and the importance 
of connectivity for biodiversity among discrete urban habitats was highlighted. Further, it was 
suggested that to inform biological conservation studies on the potential of enhancement of 
connectivity, it needs to be considered as a species-specific feature of the landscape. The 
methods and measures used to assess connectivity to date relate to the landscape for general 
biodiversity or for a particular species. Species-specific studies generally only consider 
localised suitable habitats and populations. Furthermore, due to the lack of comparative 
analytical studies to compare the suitability of proposed methods for the urban context, the 
choice of a suitable method and measure still remains problematic. In this chapter 
connectivity is defined as being a fundamental requirement in the development of a 
multispecies approach for evaluating connectivity in an urban landscape.  Factors required for 
accurately studying connectivity in the urban environment are then discussed. The methods 
and measures for connectivity are reviewed and classified. Finally, the relevance of each of 
the reviewed methods, and their specific criteria, are analysed and the method that meets the 
established criteria for this study is selected.  
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2.1 What connectivity means for urban biodiversity 
The fundamental role of connectivity for biodiversity and the ecosystem, and the clear 
understanding of its necessity, have resulted in an exponential increase in the number of 
studies (Goodwin, 2003; ISI web of science, 2012) designed to investigate connectivity by 
setting diverse aims, approaches, definitions and methods. Figure  2.1 shows the trend of the 
increase in connectivity studies since 1985. These differences make connectivity, its 
definition and measures, a complex and confusing concept (Crooks and Sanjayan, 2006b; 
Lindenmayer and Fischer, 2007). Debates on what connectivity is and how it can be 
measured is not something new and has been recognised in several studies (Goodwin, 2003; 
Kindlmann and Burel, 2008; Moilanen and Hanski, 2001; Tischendorf and Fahrig, 2000). 
Connectivity is of interest to several scientific disciplines including landscape ecology, 
population ecology and biological conservation. In order to compare the results of research 
and to prevent unproductive discussions, consistency in terms and definitions (Lindenmayer 
and Fischer, 2007; Moilanen and Hanski, 2001), and unity in approaches and measures, is 
recommended (Tischendorf and Fahrig, 2000). To define connectivity for the purpose of this 
study, the approaches taken in various studies to determine this concept will now be 
presented and discussed.  
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Figure  2.1: The increase in the number of connectivity studies over time: those relevant 
publications that have ‘landscape connectivity’ or ‘habitat connectivity’ or ‘ecological 
connectivity’ as part of their title are plotted in this figure. 
 
2.1.1 Approaches to connectivity: structural vs. functional 
Confusion exists on how to define connectivity (Crooks and Sanjayan, 2006b). Connectivity 
has been defined purely on the structural attributes of the landscape or on the species 
responses to the landscape structure (Goodwin, 2003). The structural concept of connectivity 
refers to the proximity of landscape components to each other or their spatial patterns (Turner 
et al., 2001) or the availability of connecting elements in the landscape structure, such as 
habitats, corridors and stepping stones in the landscape (Wheater, 1999). Corridors are 
narrow and continuous strips of habitat that physically link habitat patches (Tischendorf and 
Fahrig, 2000; Turner et al., 2001). Stepping stones are scattered and non-linear habitat 
elements, such as sporadic trees or shrubs which are not big enough to support the life of 
species but can provide short-term resources and refuges while encouraging the species to 
move to the larger habitats (Doerr et al., 2010). Thus there is no reference to the behavioural 
attributes of dispersing individuals to the landscape in such definitions.  
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On the other hand, in functional approaches, connectivity refers to the interaction of species 
within the landscape structure (Noss, 2007) such as ease of species movement in the 
landscape (Kindlmann and Burel, 2008; Merriam, 1984). Functional connectivity is 
commonly defined as “the degree to which landscape facilitates or impedes movement among 
resource patches” (Taylor et al., 1993).  
Variations in the definition of connectivity, and confusion on the measures to use, can be due 
to three reasons. First, connectivity is of interest to several disciplines, such as population 
ecology, landscape ecology and conservation biology. The different goals and agendas of 
these disciplines result in different understandings of connectivity and different approaches to 
it (Fischer and Lindenmayer, 2007). Landscape ecologists tend more towards the structural 
definition of connectivity whereas population ecologists focus more on the behavioural 
responses of dispersing individuals to that structure and so tend more to the functional 
definitions.  
Second, the scale of connectivity studies leads to connectivity being defined as either an 
attribute of the entire landscape (Taylor et al., 1993) or as an attribute of a habitat patch 
(Moilanen and Hanski, 2001). By broadening the scale of a study, there might be less 
opportunity to study the details of the landscape structure (e.g. inclusion of small size habitat 
patches or the consideration of information based on their ecological quality) and ecological 
processes (e.g. the detailed characteristics of species movement).  
The third reason is partly because the ecological process in question is different for different 
studies. For example, studies of those species where their dispersal is tied to the availability 
of structural elements will be different to studies of those species that may not be affected by 
the landscape matrix, such as some aerial-based species. For the first group of studies, the 
structural definition of connectivity can show the true nature of landscape connectivity; 
however, the movement of ground-based species are often affected by landscape components 
and their interaction with the structure of the landscape. Thus, their behavioural responses to 
the landscape structure are required in order to have a better understanding of connectivity for 
these species.  
The structural and functional approaches to connectivity are two different ways of looking at 
the same concept (Goodwin, 2003). There is common agreement that the connected 
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landscape structure results in a successful ecological process (Figure 2.2). While structural 
approaches provide an understanding of connectivity through the structural pattern of the 
landscape, functional approaches directly study the resultant biological processes facilitated 
by connectivity. In fact, the discussion on the suitability of either of these approaches is 
dependent on the process in question and the landscape under study. For some of the species 
a structurally connected landscape may not facilitate their movement as their dispersal may 
be tied to a specific type of land cover that is not provided by the structural connectivity. In 
addition, some species have the ability to move into the non-habitat matrix (Tischendorf and 
Fahrig, 2000), the area which is underestimated by the structural approaches (Goodwin, 
2003). For those species, functional approaches are able to provide more details on their 
behavioural responses for conservation purposes in a highly modified and heterogeneous 
urban landscape.  
 
 Figure  2.2: Structural approaches and functional approaches to the connectivity of landscape 
are compared in terms of the concepts they address in connectivity assessment.  
 
2.1.2 Definition of connectivity  
Similar to Taylor et al. (1993), this study has a functional approach to the connectivity of the 
urban landscape, based on that connectivity being defined as a structural attribute of the 
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urban landscape that allows species movements between their habitats. It is also a fact that 
based on this definition, connectivity is species-specific. Connectivity of a landscape is 
dependent on the biological process and more specifically the species under study (Hokit et 
al., 1999; With and Crist, 1995). That is due to two reasons. The first reason is that within the 
urban landscape each species inhabit particular locations and each may have different habitat 
requirements. Basically, availability of connectivity between species-specific habitats can 
improve the life condition of the given species. Secondly, types of species have different 
movement characteristics (terrestrial or aerial), movement abilities and the mean dispersal 
distances they can travel, gap crossing abilities (venturing into the non-habitat matrix), and 
longevity. For example, the particular distance between two habitat patches which provides 
connectivity for a large mammal may not provide connectivity for a small amphibian with 
less dispersal ability and shorter longevity. Also a specific land cover that seems to facilitate 
the movement of a particular species may impede the movement of other species by posing 
the risk of mortality. Some species, such as large mammals, are robust and resilient in terms 
of their choice of habitat and how they move about in it. Some species (e.g. the legless lizard) 
are greatly influenced by landscape elements and can only live or move within specific 
habitat types, while other species are generic in terms of habitat selection and can move 
through different types of land cover. Therefore the same landscape may have different 
degrees of connectivity for different species.  
In this thesis, connectivity that refers to the capacity of the landscape to support the 
movement of a specific species is termed ‘connectivity’ or ‘habitat connectivity’, and 
connectivity that refers to the capacity of the landscape to maintain the movement of a 
number of species is termed ‘ecological connectivity’. Thus, ecological connectivity is a 
generic term, and connectivity and habitat connectivity will be used interchangeably to refer 
to the specific topic in this study. 
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2.2 Required criteria to assess connectivity of landscape to 
biological dispersals 
Having a good understanding of the urban landscape and its structural attributes is central to 
the choice of a suitable method for the assessment of connectivity.  The urban landscape 
comprises several types of land use and covers that are spatially arranged beside each other 
and form a heterogeneous structure, as discussed in Section 1.1. Among this heterogeneous 
structure there are urban habitats, the places that are most suitable to support the survival of 
species in the city. Ecological connectivity indicates the capacity of the landscape to facilitate 
the movement of species among these habitats. Incorporating the species responses to this 
landscape structure while moving is essential to get a realistic estimation of this capacity 
(Goodwin, 2003; Kindlmann and Burel, 2008). For the urban environment where species are 
expected to venture into the non-habitat matrix to reach target habitats, an appropriate method 
is required to suit this landscape structure and species responses to the structure. The method 
chosen should combine these two concepts to provide a single method of connectivity.  
Addressing the above-mentioned considerations, a number of criteria were identified for 
studying connectivity of the urban landscape. Some of these variables refer to the landscape 
structure while others refer to the species under study. A review of the literature indicates that 
the structural attributes of habitat patches, such as size and shape; proximity of habitat 
patches in terms of Euclidean distance; topology and the spatial arrangement of patches in 
relation to each other; cost to species movement; and species movement characteristics and 
habitat preferences, are the fundamental variables to be incorporated when establishing a 
method for assessment of connectivity. By considering all these criteria, effective 
management still needs a multispecies approach to achieve integrated outcomes, based on 
which the conservation priorities are to be established. The required criteria are explained as 
follows:  
2.2.1 Structural attributes of the habitat patches  
Considering the ecological value of individual habitat patches such as the area and quality is 
essential. Size and quality of habitat patches are the structural variables forming the basis on 
which connectivity has been frequently measured (e.g. Bunn et al., 2000; Hanski and 
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Ovaskainen, 2000; Urban and Keitt, 2001). They are the two primary variables in species 
conservation in order to maintain biodiversity (Hodgson et al., 2009). The size and quality of 
patches can be used as an indication of the availability of resources to support species life. 
For example, in consideration of the same spatial arrangement of habitat patches, loss of a 
large and high quality habitat patch can be more crucial than the loss of a small and 
ecologically degraded habitat patch. A habitat that is small in size may have fewer resources 
(food and energy) and a species may be under greater threat of being targeted by predators in 
such habitats. Furthermore, the size of the target habitats where the dispersal is terminated is 
central to the migration and recolonisation rates in the landscape (Hanski, 1997; Moilanen 
and Nieminen, 2002). In fact, the amount of biological flux between a pair of habitats is a 
function of the size of habitat patches (Urban and Keitt, 2001).  Moreover, the area of a patch 
is considered to be structurally connected within itself and hence is required to be considered 
in the overall measure of connectivity, even if the habitat patch is totally isolated from other 
habitats (Fall et al., 2007; Ferrari et al., 2007; Pascual-Hortal and Saura, 2006) (Figure  2.3).  
 
 
Figure  2.3 Connected area within the isolated habitats still contributes to landscape 
connectivity.  
 
2.2.2 Proximity of habitat patches 
The probability of dispersal of species between their habitats is a function of the Euclidean 
distance between those habitats (Hanski, 1994). The Euclidean distance between pairs of 
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habitat patches is an important criterion that has been applied in different connectivity 
methods (Bunn et al., 2000; Petit and Burel, 1998; Pither and Taylor, 1998). For example, 
connectivity has been assessed based on the inverse value of the patch isolation index which 
is technically the distance between neighbouring patches (Calabrese and Fagan, 2004). 
Another example is nearest neighbour measures which are based on the Euclidean distance of 
a specific habitat patch to its nearest neighbour patches. Another is the metapopulation 
indices such as probability of colonisation, and probability of dispersal (Hanski, 1994; 
Hanski and Ovaskainen, 2000) which are frequently used to determine connectivity. Again, 
Euclidean distance to the adjacent patches is one of the variables in such metrics. Distance by 
itself, ignoring the movement characteristics and dispersal abilities of individual species, is 
less likely to provide an accurate estimation of connectivity (Calabrese and Fagan, 2004). 
However, including the Euclidean distance for connectivity measures is required as it has 
been shown that the probability of dispersal exponentially increases by decreasing the 
distance between the two habitat patches (Hanski, 1994). 
2.2.3 Cost of movement  
Movement of species across the urban landscape is a function of the Euclidean distance 
between the patches (Hanski, 1994) and the cost of the landscape associated with the 
movement of that particular species (Hokit et al., 2010; Palmer et al., 2011; Stevens et al., 
2006; Tischendorf and Fahrig, 2000). Cost refers to the impedance of the landscape to the 
dispersal of a particular species. For example, the cost of movement for the bandicoot is 
greater when it is moving within residential land compared to shrublands and woodlands. 
Within residential areas the species is at risk of predatory species such as cats and foxes and 
there is no suitable intense vegetation available for them to shelter in or enough food 
resources. Compared to the Euclidean distance, cost is recognised as a better predictor of the 
movement ability of species in the landscape (O'Brien et al., 2006). Due to the heterogeneous 
structure of matrices in urban landscapes, incorporating the cost of movement into the 
connectivity assessment is essential. Cost represents the movement response of the species to 
the landscape attributes.  
Generally, the cost of the landscape is parameterised based on the resistance of the landscape 
(Adriaensen et al., 2003; Beier et al., 2009), species perceptual ranges of the landscape 
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(Palmer et al., 2011; Schooley and Wiens, 2003) species habitat selection behaviour (Gardner 
and Gustafson, 2004; O'Brien et al., 2006) or a combination of these concepts (Petit and 
Burel, 1998). The resistance of the landscape refers to the intensity of the landscape for the 
movement of a given species and the species energy expenditure while moving through it. 
Land cover, vegetation structure, height and density, land use types, topography and slope, 
climate and prevailing wind can all be potential factors that contribute to resistance of a 
landscape. Mortality risk can also be included in the landscape resistance by considering the 
types of land use or land cover and their associated attributes. For example, the presence of 
pests and predatory species in certain types of land uses causes a higher risk of species 
mortality while moving. 
One common method for incorporating the movement responses of species, and their 
behaviour while moving, is by developing a resistance layer. A resistance layer is a raster 
simulation of the landscape in a GIS environment in which each pixel of raster has a value 
reflecting the resistance of the landscape to the movement of the given species at that point. 
The value of each pixel is obtained by gathering field data on species movement across the 
landscape (e.g. in Richard and Armstrong, 2010). If there is a lack of such reliable data, 
expert opinion for movement characteristics of a particular species is often employed to 
develop the resistance layer (Cushman et al., 2009; Epps et al., 2007; Eycott et al., 2011).     
Quantification of the resistance layer, however, sometimes can be associated with uncertainty 
and the connectivity measures might be adversely affected by the cost values that are 
assigned to each pixel (Rayfield et al., 2010). To improve the accuracy of the results, 
consideration of “multivariate surfaces” in the development of cost layers is recommended 
(Spear et al., 2010). Here each surface is termed an ‘attribute layer’ providing information 
about the species movement behaviour in the landscape structure. Attribute layers are 
quantified as raster layers in a GIS environment. Depending on the landscape and species 
under study, a number of attributes that are influential in species dispersal are selected and 
quantified in terms of their resistance to the movement of specific species. Then the multiple 
layers are combined by a cell by cell analysis in which the resistance value of each layer on 
that particular cell is added together. As a result a single resistance layer is produced. 
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2.2.4 Topology and spatial arrangement of habitats  
To realise the effects of a spatial pattern of habitats on biological dispersal, the quantification 
of their topological relationship is necessary. Topology refers to the spatial relationship 
between areas, their arrangement and adjacency (Chou, 1997). Understanding the topological 
relationships of habitats is important as it leads to a better estimation on species movement 
tendencies and pathways across the landscape. This provides a better understanding of the 
pairs of habitats between which connectivity is required. Topology will help to recognise the 
adjacent patches and the patches that might be accessed more easily by the species. It assists 
in delineating those patches which play a more important role in facilitating species 
movement and are more accessible for the species than the others while they are moving 
across the landscape. These patches are more critical to the “traversability” of the landscape 
(Urban and Keitt, 2001). By removing them (Bodin and Norberg, 2007; Urban and Keitt, 
2001), the dispersal of the species might be more significantly affected than by removing 
those patches which are not central to the species movement. Centrality metrics are 
established based on this concept (see Section 3.3.3). 
The topological relationships of habitat patches are determined based on the adjacency matrix 
of pairs of habitat patches between which connectivity is of interest. To date the topological 
relationship between habitats has been established between the patch and its nearest 
neighbour (Fall et al., 2007), its neighbours (McRae and Kavanagh, 2011), or all other 
patches in the landscape (Mastisziw and Murray, 2009). Once the topological relationship, or 
adjacency matrix, is established, then the connectivity can be calculated based on the 
summation of connectivity between each pair of patches in the matrix (Mastisziw and 
Murray, 2009). Graph theory methods (Urban and Keitt, 2001), pair-wise matrices (Hanski, 
1994), and vector-based methods (Tischendorf and Fahrig, 2000) for instance, assess 
connectivity based on the topology of patches. Topology-based methods are suffering from 
the “deceptive paradox” in that the more fragmented the landscape, the higher the resultant 
connectivity value (Moilanen and Hanski, 2001; Tischendorf and Fahrig, 2000) (Figure  2.4). 
To avoid this paradox, Pascual-Hortal and Saura (2006) suggest considering the connectivity 
within the patches (intra-patch connectivity) as well as between the patches (inter-patch 
connectivity). Intra-patch connectivity is further explained in the next section. 
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Figure  2.4 Deceptive paradox of connectivity: Figures ‘a’ and ‘b’ have the same proportion 
of habitats but the landscape in ‘a’ is more connected than ‘b’. In the topological-based 
methods the connectivity of ‘b’ may be estimated greater than ‘a’. 
 
2.2.5 Habitat availability or intra-patch connectivity 
The contribution of a matrix in improving the connectivity and facilitating the biological 
dispersal has been highlighted; however, a matrix is not the only place in the landscape where 
connectivity is expected to be available. Areas of patch, and the connectivity that is offered 
within that area, can be of more importance and more practical to the management of a 
conservation study than the heterogeneous matrix which is affected by several external 
impacts. Species habitats within a distinct patch is known as “intra-patch” connectivity 
(Saura and Pascual-Hortal, 2007b) (Figure  2.5). Despite this fact, connectivity studies 
sometimes only focus on the assessment of connectivity between different patches regardless 
of the intra-patch connectivity. In such studies the clearance of an isolated habitat patch from 
the landscape without regard to its size and quality is not considered important for 
connectivity of the landscape. Habitats have an intrinsic value, independent of the level of 
connectivity that they may have (Marulli and Mallarach, 2005). As explained in Section 
2.2.4, incorporation of the intra-patch connectivity avoids this paradox and gives a more 
realistic picture of the total capacity of the landscape for biological dispersals.   
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Figure  2.5 Intra-patch connectivity vs. inter-patch connectivity. 
 
2.2.6 Species-specific movement characteristics and habitat 
preferences 
In order to assess the capacity of the landscape in more detail to support the dispersal of types 
of species, connectivity of the landscape has to be assessed for each species separately, based 
on species movement characteristics and habitat preferences. Knowledge of the movement 
ability of the species under study is important and should be included in the analysis. Section 
2.1.2 explained that the same distance might be connected for a powerful disperser whereas it 
might be too far for a species with poorer dispersal ability. The mean, maximum and 
minimum dispersal ability of a species in its preferred habitat could provide an estimate of 
the required proximity of habitats to allow connectivity for the species. Furthermore, habitat 
is a species-specific property and for each species connectivity between its suitable habitats is 
desired. In fact, within the urban landscape there are several habitat networks; connectivity of 
those can enhance the life condition of biodiversity.  
2.2.7 A multispecies approach to biodiversity for an entire region 
Effective management needs a multispecies approach to determine the suitability and 
integrity of the landscape to support biodiversity (Hokit et al., 1999). In order to integrate 
comprehensive results with other plans and decisions, it is important that connectivity of the 
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urban landscape be investigated using a multispecies approach. To date, research into 
ecological connectivity has been limited to a single species (Vesas et al., 2009), species that 
share the same habitats (Bunn et al., 2000) or only a general analysis of the structural 
connectivity (Marulli and Mallarach, 2005). Few research studies have considered a 
multispecies approach in which a multiple of species were involved in a connectivity analysis 
(Carroll et al., 2012; Rothley and Rae, 2005; Saura et al., 2011; Zetterberg et al., 2010).  
A multispecies approach allows a study of the connectivity of the landscape for all the types 
of species that need this landscape attribute to survive. It might not be practical to assess the 
connectivity of the landscape for all types of species. If this is the case, then selection of 
sensitive species which might become extinct due to a lack of connectivity, species which are 
a priority in terms of conservation, or species that are sensitive focal species and represent a 
diverse set of habitat types (Noss, 2007), can be a solution for an effective analysis. Studying 
connectivity using a multispecies approach can eliminate the redundancies and conflicts in 
management decisions and in the long term can effectively reduce the financial resources 
which are required for such studies. Having a multispecies approach to the assessment of 
connectivity potentially results in more adaptive and matchable decisions and plans. 
 
2.3 History of connectivity methods 
Connectivity has been a frequently applied concept in various disciplines and this has 
resulted in the development of several methods and measures for studying different aspects of 
connectivity. The choice of the method and measures adopted can affect the understanding of 
connectivity in the landscape (Kindlmann and Burel, 2008). The same landscape may have 
different connectivity determinations depending on the measures chosen (Goodwin and 
Fahrig, 2002); therefore, it is important to find the most suitable measures. Few studies have 
comparatively assessed the accuracy and the actual capacity of the applied methods and 
measures to estimate connectivity (Pascual-Hortal and Saura, 2006; Saura and Pascual-
Hortal, 2007b). The lack of such analytical insight makes it difficult to choose the most 
suitable method and measure for an urban context. In this study, a number of criteria were 
established to find the most suitable method (see Section 2.2). While reviewing relevant 
studies, it was noticed that connectivity methods can be classified into three broad groups: 
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empirical methods, structural modelling and functional modelling. Each group is explained 
below by using some example applications and their relevance to the established criteria.   
2.3.1 Empirical methods 
Empirical methods for the assessment of connectivity are tied to field studies and direct 
observation of species movement. Empirical methods are conducted by radio-telemetry 
(Gillis and Krebs, 2000), mark-release-recapture of the species (Haddad, 1999; Hokit et al., 
1999; Pither and Taylor, 1998), and studying the genetic variation of biological populations 
in distinct habitat patches. Marking a sample number of species, releasing the species at the 
edge of a certain habitat patch and recapturing and trapping them in the neighbouring habitats 
allows an understanding of the movement frequencies, the proportion of successful 
movements, the occupancy of neighbouring habitats and the mortality rates for the species. 
Using radio-telemetry methods across distinct habitats (Gillis and Krebs, 2000), species 
movement and mortality rates can be tracked. Directly tracking species movement enables an 
understanding of the dispersal between habitat patches as well as the delineation of the actual 
pathway, or functional corridor, through which a species may move (Schooley and Wiens, 
2003). Studying the genetic variation of biological populations is also used to investigate the 
historical possibility of dispersal between a given pair of patches.  
Fieldwork and direct observation of species movement in the landscape is assumed to be the 
only estimate of “actual connectivity” (Calabrese and Fagan, 2004; Vogt et al., 2009). For 
example, by tracking the actual movement of two butterfly species, Haddad (1999) revealed 
that these species move more frequently between connected pairs of habitats than 
unconnected ones. However, empirical studies are restricted in terms of study extent, time 
period and the number of species under study and are impractical for the entire landscape 
(Calabrese and Fagan, 2004; Vogt et al., 2009). Empirical studies often assess connectivity 
by focusing on a specific type of species (Hokit et al., 1999; Petit and Burel, 1998). Those 
methods can only be applied for a sample of neighbouring habitat patches but not for the 
entire urban region.  
2.3.2 Structural modelling methods 
Structural modelling is the second broad group of connectivity methods. Such methods are 
based only on the structural attributes of the landscape without referring to species movement 
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behaviour and characteristics in response to the landscape structure (With et al., 1997). 
Examples of these methods are application of structural metrics (Cushman et al., 2008; 
Gustafson, 1998; Riitters et al., 1995; Wu et al., 2006), availability of connectivity structures 
such as habitats and corridors, and graph theory (Keitt et al., 1997). In such methods, the 
complex structure of the landscape is simulated in a GIS environment by delineating those 
patches for which connectivity is of interest. 
Structural modelling can be based on developed land uses and land cover maps and the 
selection of those land types which are of ecological value (Young and Jarvis, 2001), or 
based on remote sensing data and the delineation of ecologically valuable land covers using 
remote sensing and image interpretation techniques (Parker et al., 2008). Once the patch 
structure of the landscape is modelled, structural metrics are applied to the landscape model 
to assess the ecological connectivity. Structural metrics are generally classified into two 
groups of spatial configuration such as proximity, size, contiguity, and fragmentation and 
composition which refers to the diversity of patch types and dominant land cover and 
proportions (Gustafson, 1998; Wu et al., 2006).  
The availability of habitats and corridors in the landscape and the proportion of corridors to 
the habitats within the landscape was also applied as a structural measure for connectivity 
(Young and Jarvis, 2001). The idea behind these methods is that the movement of species is 
tied to the availability of structural elements of connectivity such as corridors and stepping 
stones. Also, it is less likely that species, and more particularly terrestrial ones, will survive 
while venturing into the non-habitat matrix (Doerr et al., 2010).   
Simulation based on graph theory takes the further step of superimposing an adjacency 
matrix on the landscape components in which each patch is in a topological relationship with 
other patches in a network  (Figure  2.6) (see Section 2.4 for further explanation on graph 
theory). The connectivity of a given network is often a function of distance between a pair of 
patches (Urban and Keitt, 2001) and the spatial arrangement of these patches (Bodin and 
Norberg, 2007). When the network is established, topological and ecological metrics are 
applied to assess the connectivity of the habitats (see Section 3.3 for graph-based metrics). 
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Figure  2.6 Network simulation of habitat patches: the grey areas are the species habitats 
which are represented by the red dots and the topological relations between the habitats are 
presented by links. 
 
Due to the fact that structural modelling methods avoid incorporating species movement 
responses into their assessment, these methods provide a less reliable estimation of the actual 
connectivity in the landscape (Calabrese and Fagan, 2004). The structural methods are based 
mainly on the assumption that the structural pattern quantified by them influences the 
species’ possibility of dispersal across the landscape (Calabrese and Fagan, 2004), while they 
ignore the impact of the landscape matrix on species dispersal (Kindlmann and Burel, 2008). 
Those can only be informative in the cases where the movement of the species under study is 
totally restricted to the landscape structure (Goodwin, 2003). However, within the urban 
matrix and for species with more mobility the impact of the landscape matrix on the 
perception of biological movements becomes greater as these landscapes are characterised by 
a heterogeneous and inhospitable matrix of different land uses and land cover. Species 
movement can be affected by urban structures such as impeding infrastructures and 
constructions or, depending on the species under study, by their associated impacts such as 
lights and noise. Therefore, an understanding of how types of species interact with the urban 
elements and components is required and structural modelling by itself was not a suitable 
choice for the most appropriate method that was sought for this research study. The 
interactions of species with the landscape structure are addressed in the third group of 
connectivity methods: functional modelling.     
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2.3.3 Functional modelling methods 
Functional models include the interactions of species moving within the landscape when 
assessing connectivity. They incorporate the contribution of the matrix of non-habitat areas 
into the connectivity of the landscape and the cost of species movement by considering the 
cases where the species disperse within the non-habitat matrix. Including the movement 
interaction of species to the functional assessment of connectivity is often accomplished by 
developing a resistance layer (see Section 2.2.3 for further explanation on development of a 
resistance layer). As an example of functional connectivity methods and by using a resistance 
layer, Vogt et al. (2009) simulated the frequency of successful movement between habitat 
patches for forest-dwelling small mammals in order to identify the functional corridors 
among them. 
Identifying the cost of movement in each unit of the landscape enables the measurement of 
the effective distance between pairs of habitat patches (Adriaensen et al., 2003). Effective 
distance includes the Euclidean distances as well as landscape resistance thus providing a 
better estimation of the possibility of dispersal between patches. The effective distance is the 
cumulative cost of movement in each cell along the entire pathway between the two given 
patches (                   ∑                              ) (Figure  2.7). The cost 
of movement in each cell is calculated by multiplying the cost value of the cell by the 
Euclidean distance travelled within each cell (considering the diagonal movements in each 
cell) (                                                              ). The 
effective distance by itself has been used as an index for connectivity assessment. For 
example Petit and Burel (1998) measured connectivity along a hedgerow network for ground 
beetles from the Carabidae family, as the distance to the nearest occupied site weighted by 
the quality of their wooded elements.  
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Figure  2.7 Calculation of effective distance along a path where the given species move: 
effective distance is calculated as the summation of cost of movement in each unit of the 
landscape.  
  
Estimation of effective distance is central to assessment of connectivity based on the 
functional approaches. There are a number of ways to estimate the effective distance. The 
two well-known famous examples in this field of study are application of random walk theory 
and application of least-cost modelling. These methods are frequently applied to a large 
extent in order to assess connectivity and to locate and design the actual corridors within the 
landscape. As the first example, effective distance can be estimated by applying the random 
walk theory (Skellam, 1951) in which all the possible short paths between the two habitat 
patches are simulated (Palmer et al., 2011). Applying circuit theory to the random walk 
simulation, McRea et al. (2008) suggest the final effective distance  between a pair of patches 
when there are multiple pathways available, is a function of the cost-weighted distance of 
each path and the total number of paths that are simulated. The idea behind this method is 
that based on the circuit theory rules, the resistance between a pair of habitats decreases as 
more pathways become available (Figure  2.8). In fact, within the actual landscape availability 
of multiple pathways between pairs of habitat increases the possibility of biological 
movements across the landscape. Therefore, the final effective distance estimated based on 
this approach decreases by increasing the number of available pathways.  
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Figure  2.8 According to the application of circuit theory into connectivity assessment, 
availability of multiple pathways between habitat patches has an inverse relationship with the 
effective distance between those patches. The two habitats in Figure ‘a’ have a greater 
effective distance than the two habitats in Figure ‘b’. 
The second example for estimation of effective distance is by applying least-cost modelling. 
Based on this approach a single path (Adriaensen et al., 2003) or a number of paths 
(Theobald, 2006) with the least cumulative cost are generated between species habitat 
patches based on the resistance layer within the GIS environment. These paths, which are 
called least-cost paths (LCP), are generated by optimising the cost-weighted distance (cwdist) 
of all possible pathways between habitat patches and delineating a path with the least-cost-
weighted distance, similar to the approach explained in Figure  2.9. The effective distance is 
then equalled to the cost-weighted distance along the least-cost path(s).  
 
  
Figure  2.9 Least-cost modelling between species habitat patches: (a) A developed resistance 
layer represents the resistance of the landscape to dispersal of given species (b) The least-cost 
paths (LCP) generated between the species habitats based on that resistance layer. LCPs are 
generated across the least resistant area of the landscape. 
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Least-cost modelling is computationally intense and it can be a “bottle-neck” for large data 
set analysis (Moilanen, 2011; Urban et al., 2009). A large data set is closely related to the 
number of patches being used in the process; the extent of the study area; the fine resolution 
of the resistance layer; or a combination of all three. The common criticism of least-cost 
modelling is that single least-cost paths may not reflect the actual movement of a particular 
fauna species. This is because the location of the path with the least cumulative cost may not 
always be recognised by the species (Moilanen, 2011). To enhance the application of the 
least-cost modelling algorithm, the availability of redundant short paths between two habitats, 
instead of a single least-cost path, is frequently identified (Beier et al., 2009; Pinto and Keitt, 
2009; Urban et al., 2009). Theobald (2006) suggests generating and considering at least one 
fourth of all least-cost paths in the connectivity assessment.  
In general, structural modelling methods are able to incorporate the structural attributes of the 
landscape and its components such as the ecological value of the habitats, their proximity and 
topology, whereas functional approaches are able to incorporate the species movement 
responses to the landscape structure by quantifying the cost of movement based on the 
resistance layer. Both the structural and functional modelling methods are more applicable 
for a connectivity study in a regional extent. Compared to the empirical data, and direct 
observation of species movement, functional modelling can only provide “predictions and 
potential insights” to the capacity of the landscape for dispersal (Goodwin, 2003). A joint 
application of structural modelling and functional modelling methods enables consideration 
of all the required criteria for assessment of connectivity in urban regions.  
 
2.4 Graph theory 
Graph theory is a mathematical concept used for modelling the relationship between 
individual entities. Graph theory consists of finite sets of nodes (vertices) and links (arcs) 
(Harary, 1969) where the nodes represent the entities and the links represent their 
relationships (Figure  2.10). Graph theory has been applied to the field of conservation 
ecology and in particular assessments of connectivity in several studies. Keitt et al. (1997) 
were the first to apply this theory to quantify connectivity for biological conservation. The 
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structure of the graph is well-suited to the structure of the highly modified and fragmented 
urban landscape (Galpern et al., 2011; Minor and Urban, 2008; Moilanen, 2011). In an 
ecological context, nodes of the graph-based model represent the geographical location of 
biological populations, or potential habitats where the biological populations are expected to 
live. In a GIS environment, habitat patches are commonly represented by the geographical 
centroid of the patch or other precise methods available for the derivation of nodes from 
patches in the spatial environment (Deakin and Bird, 2002; Farmer et al., 2011; Poodat et al., 
2011).  
 
 
Figure  2.10 A network in an urban landscape relevant to a certain type of species: nodes 
represent the geographic location of species habitats and links represent the possibility of 
successful dispersal between the habitats. 
 
Links, on the other hand, represent the topological relationship between the nodes in a GIS 
environment which characterises the possibility of species movement between the habitats or 
populations. Links can also represent legitimate connections between those nodes that have a 
topological relationship. Having a binary approach to connectivity assessment, pairs of nodes 
are either connected or not. With a probability approach, nodes are to some degree more or 
less connected. Links can be weighted by distance or effective distance between the habitat 
patches. Distance is measured either from node to node or, alternatively, from the edges of 
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corresponding habitat patches. And that is the point where functional method can jointly be 
applied with structural methods to incorporate the species movement interaction with the 
landscape into connectivity assessment. 
Joint application of least-cost modelling with graph theory is an example of bridging between 
structural and functional modelling methods (Bunn et al., 2000). In such modelling, links of 
graph models are weighted by cost-weighted distance along the least-cost path between 
associated habitat patches. Representing the links by the effective distance rather than 
Euclidean distance, makes the topological model more informative in terms of the biological 
processes and can be used as a bridge between the structural modelling and the functional 
modelling methods.  
Modelling connectivity based on graph theory assists with simplifying the complexities 
(Urban et al., 2009) associated with visualising the fragmented habitats in the landscape. 
Graph theory is known as a rapid tool and may provide the greatest advantage to effort ratio 
for conservation application in broad scale studies (Calabrese and Fagan, 2004). Graph-based 
models are capable of representing the connectivity of the landscape for single or multiple 
species. The next chapter will discuss the fundamentals and background of graph theory that 
were considered when designing the most suitable method for this study.  
 
2.5 Summary 
Despite the call for unified and consistent terms and measures in studies of connectivity, 
diversity in its definition, approach and measurement make this concept confusing in terms of 
practical application in the real world. Structural and functional are the two main approaches 
to connectivity. While structural approaches involve the study of the structure of a landscape 
to discover how it facilitates the functional processes, functional approaches directly study 
the degree of the functional processes across a landscape. Therefore, the functional 
approaches seem more realistic in terms of the level of detailed information they can provide 
on how connected the landscape is. For the purpose of this study, ‘connectivity’ is defined as 
the capacity of a landscape to facilitate or impede biological processes among the enclosed 
habitats and is species-specific. ‘Ecological connectivity’, on the other hand, is a generic term 
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referring to the capacity of a landscape to facilitate or impede a number of ecological 
processes. It is necessary to incorporate and consider certain criteria when studying 
connectivity. They are the distance between a pair of patches in terms of both Euclidean 
distance and cost distance; structural attributes of habitat patches such as area and quality; 
topology and spatial arrangement of patches; intra-patch connectivity; species-specific 
considerations and requirements; and a multispecies approach to connectivity.  
Due to overwhelming methods and measures applied to studying connectivity and to the lack 
of analytical methods to compare the suitability of such methods, the choice of the most 
suitable method and measures for this study was challenging. A review of the literature 
reveals that connectivity methods are classified into three broad groups: empirical (e.g. radio-
telemetry, mark-release-recapture methods), structural modelling (e.g. structural metrics, 
graph theory) and functional modelling (e.g. least-cost modelling, circuit theory). Functional 
studies are the most appropriate ones in terms of efficiency and accuracy of results. The 
discussion in this chapter confirms that graph theory is the most appropriate method for 
studying connectivity for an urban landscape that is suitable for the patchy distribution of 
habitats in a heterogeneous and inhospitable matrix. Graph theory is a mathematical concept 
comprised of nodes and links. In the ecological context, nodes usually represent habitat 
patches and links the distance between habitats or possibility and probability of dispersal. 
Links are the opportunity to be weighted by effective distance and this is the point to bridge 
between structural modelling and functional modelling in order to have a thorough analysis 
of connectivity within the urban region.  
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Chapter 3. Theory: adaptation of graph theory 
for multispecies assessment 
 
In Chapter 2 a number of important criteria that needed to be considered in studying 
connectivity of urban landscape were reviewed. Among the connectivity studies reviewed 
graph theory was nominated as the most appropriate method. Graph theory is potentially able 
to meet the criteria in order to conduct a thorough investigation of the connectivity of the 
landscape in the urban environment by considering both the structural and the functional 
aspects. The structure of the urban landscape, and the habitats within, is well-suited to the 
application of graph theory. Due to the topological nature of graph theory the spatial 
arrangement of nodes and their adjacency and accessibility become clearly simulated by 
using this method. Therefore, this study applied graph theory to a multispecies study of 
connectivity for urban environments. This chapter presents a review of the fundamentals, and 
the background to graph theory and its application to connectivity studies. The review of 
relevant studies includes the aim, method and species that are studied so that their association 
with the purpose of this research study can be explained. Also in this chapter the graph-based 
metrics are discussed and spatial tools and software are reviewed. To this end, this research 
study explored the application of graph theory to a multispecies case study and accordingly 
established an appropriate method by designing the required steps.   
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3.1 Fundamentals of graph theory 
The fundamentals of graph theory are well-presented in several connectivity studies such as 
Urban and Keitt (2001), Urban et al. (2009), Dale and Fortin (2010) and Galpern et al. (2011) 
(Table  3.1). The nodes and links are the two main components of the graph model. In an 
ecological context, nodes represent the geographical location of biological populations, or the 
potential habitats where biological populations are expected to live. Links, on the other hand, 
either represent the distance between habitats, or the possibility of movement between those 
habitats, for a given species. With the binary approach, links either exist or they don’t, 
whereas with a probability approach, nodes are to some degree connected and so links are 
weighted according to their potential to facilitate biological movement. Connectivity 
modelling of the landscape based on the theory of graph is termed a ‘graph model’ or 
‘network’ throughout this thesis. 
 
Table  3.1: Selected terms and definitions in graph theory  
Terms/Concepts Definitions Graphic samples 
Graph  A graph is a mathematical object 
consisting of a set of nodes (vertices) and 
links (or edges) where links connect each 
pair of nodes. 
 
Digraph  In a directed graph, or digraph, links 
have a direction between pairs of nodes. 
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Path A path is a sequence of nodes and links 
in which no node is visited more than 
once.  
 
Cycle  Three or more nodes in a closed path is 
called a cycle. 
 
Tree  A path with no cycle is a tree. 
 
Spanning Tree A tree that includes all the nodes in the 
graph is a spanning tree. The spanning 
tree with the shortest total length is the 
minimum spanning tree.  
 
Connected Graph  A graph is connected if a path exists 
between each pair of nodes. 
 
Unconnected 
Graph 
An unconnected graph includes a number 
of sub-graphs. 
 
Complete Graph In a complete graph each node is linked 
with all other nodes in the network. 
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Graph Diameter It is the shortest possible distance 
between the furthest pair of nodes in the 
graph. 
 
Cut-node A graph can be disconnected by 
removing a single node called the cut-
node. 
 
Cut-edge A graph can be disconnected by 
removing a single edge which is a cut-
edge. 
 
Endnode It is the terminal node in the spanning 
tree which is linked only to one other 
node. 
 
Minimum Planar 
Graphs (MPG) 
It is a kind of algorithm for linking 
between nodes. A planar graph can be 
drawn in two dimensions with no edges 
crossing.  
 
 
Weighted Graph  In a weighted graph each link has a value 
or weight which might be different from 
the others. The weight of a graph is the 
sum of its link weights. 
 
Spatial Graph  In a spatial graph, nodes and links have 
explicit geographical locations.  
 
Aspatial Graph In an aspatial graph, the position of nodes 
and edges do not refer to their 
geographical location but only to the 
topology. 
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A network can be directed or undirected. In a directed network, some nodes are the source, 
where the dispersing individuals start moving from, and some are the target, where the 
movement will be terminated. Therefore, in a directed network, a node denoted by i is 
connected to one denoted by j, where j may not be connected to i. Each network can be either 
completely connected or not. Incomplete graphs include sub-graphs. Sub-graphs are those 
nodes which are connected but not to the other nodes. In this case a single isolated node is 
also a sub-graph. There are other ways to represent a network using graph theory such as 
using the actual patch and corridor rather than the nodes and links (Zetterberg et al., 2010). 
The choice of each modelling type for analysis is dependent on the objective of the study, the 
condition of the input data and the availability of ecological information (e.g. dispersal 
information of the focal species) to support the model.  
Visualisation of a habitat network would help in understanding the whole of a landscape at 
once, which is useful for decision-making and management. Galpern et al. (2011) reviewed 
nine applications of graph theory for biological conservation. The common concept behind 
all the applications is that graph theory is a visual tool by which a network, with all its 
strengths and weaknesses, can be illustrated. Furthermore, it has become commonly accepted 
that graph theory is an effective way of modelling habitats and the ecological interactions 
among them (García-Feced et al., 2011; Moilanen, 2011; Urban and Keitt, 2001; Zetterberg 
et al., 2010). While clear visualisation of nodes and links provides understanding of the 
complex structure of the graph, this is sometimes assumed to be a limitation in landscapes 
where there is no clear boundary between patches (Moilanen, 2011). However, this should 
not be the case in a highly fragmented urban landscape as the habitat patches are discrete in 
the built-up matrix. So graph theory still has the potential for use on highly urbanised 
landscapes. 
Graph theory does not require extensive input data (Bunn et al., 2000; Saura and Rubio, 
2010) and is able to be constructed using any amount of data. It is also “data additive” 
(Cantwell and Forman, 1993; Saura and Rubio, 2010; Urban and Keitt, 2001) where the data 
is able to be inserted into an existing network, or eliminated from that network. Modelling 
based on graph theory is a tool for rapid use in conservation assessment (Urban and Keitt, 
2001). 
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Modelling based on graph theory provides a bridge between the structure and function of the 
landscape (Bunn et al., 2000; Dale and Fortin, 2010; Urban and Keitt, 2001) and joins the two 
main approaches to connectivity (structural connectivity and functional connectivity). Graph 
theory has the potential to incorporate both dimensions of connectivity: landscape and species 
(Kindlmann and Burel, 2008). Biological flows through the landscape are readily illustrated 
using graph theory-based models by weighting the links between the nodes. The application 
of graph theory provides the opportunity to incorporate more variables into connectivity 
studies and to achieve accurate results.  
 
3.2 History of graph applications for connectivity assessment 
Graph theory was initially introduced by Harary in 1969 (Harary, 1969) and has been applied 
in a variety of disciplines including ecology. Cantwell and Forman (1993) were the first to 
apply graph theory to simulate the heterogeneity of the landscape. Keitt et al.(1997) used the 
application of graph theory to assess connectivity in landscapes and since that time it has 
been increasingly applied to connectivity studies (Moilanen, 2011). To provide a background 
on the application of graph theory for connectivity studies, the studies are reviewed in terms 
of their aim, the method they employed to construct the network, the graph operation applied, 
the landscape and the species studied. The connectivity studies are also outlined in Table  3.2 
in relation to the above-mentioned topics.  
3.2.1 Aim of graph-based connectivity studies 
To date graph theory has been applied mainly to addressing two aspects of connectivity: to 
monitor the existing state of connectivity and to design future improvements to connectivity. 
Keitt et al. (1997) started by modelling habitat connectivity for a bird species and measuring 
the network connectivity. Urban et al. (2001) assessed the connectivity of the landscape for a 
bird species using two different landscape models of patch and gradient for modelling 
species-specific habitats. They found that graph theory is best suited for a landscape of 
discrete habitats in a non-habitat matrix (Galpern et al., 2011; Moilanen, 2011). Bunn et al. 
(2000) introduced least-cost modelling to graph models in order to weight the links by the 
cost-weighted distance along the correspondent LCPs. By removing the edges in some sets of 
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distance thresholds, they delineated the distance between the habitats further than which the 
landscape becomes dramatically fragmented. Using graph theory, temporal changes in the 
connectivity of European forests were monitored by Saura et al. (2011). They compared 21 
European countries in terms of connectivity changes between two time periods. 
Some connectivity studies move beyond assessments of connectivity by assessing the 
negative impacts of development scenarios on connectivity of the landscape and determining 
the one with the least impacts. Schinck and Lindley (2007) compared and optimised different 
development scenarios for water storage dams on a river network by investigating their 
potential impact on the population dynamics of spring-run salmon. Similar to their study, 
Vesas et al. (2009) evaluated the impact of three different development scenarios for highway 
tracks on the connectivity of carabidae habitats. They prioritised the development scenarios 
based on their impacts and suggested a fourth scenario with the least impact.  
Some studies extend the application of graph theory by suggesting an approach to restoring 
connectivity between species habitats. Zetterberg et al. (2010) enhanced the connectivity of 
species networks by designing extra connectivity structures between the habitats which were 
recognised as important for connectivity in their study. However, they did not consider how 
much the network connectivity would be improved by this restoration action nor did they 
consider which of the designed connectivity structures could have the greater influence on 
connectivity. The influence of restoration efforts on total connectivity of the landscape was 
considered by Garcia-Feced et al. (2011) in the connectivity study on two forest districts. 
They diagnosed the critical agricultural patches that have a greater potential to become 
reforested to improve forest connectivity. Generally, graph theory performed successfully in 
measuring and monitoring ecological connectivity (Fall et al., 2007; Saura et al., 2011), and 
in predicting and prioritising different development or restoration scenarios in relation to the 
impact they might have on the connectivity of habitats (Vesas et al., 2009).  
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Table  3.2 Graph-based connectivity studies in terms of their aim, approach, landscape and species under study, scale, connectivity variables, graph measures and operations 
Details of 
connectivity 
studies 
Aim of connectivity  study Approach 
(Multi/single 
Species) 
Species 
under study 
Study area Patch(s) of 
interest 
Scale Connectivity 
variables 
other than 
topology 
Graph 
operations 
Graph-based 
connectivity 
measures and 
metrics  
Measurement of 
connectivity 
Prioritise the 
existing condition 
Prediction on 
future restoration 
potentials/ 
optimisation 
Extent of 
study area 
Grain (if 
applicable) 
Keitt et al. 
(1997) 
Measuring 
connectivity at 
network and patch 
level 
Prioritise habitat 
patches 
--------- Single species Mexican Spotted 
Owls (bird species) 
Over 4 states 
in south-
western USA 
Forest habitat 
patches  
Regional  1km*1km 
for 
derivation of 
habitat maps 
Euclidean 
distance/ patch 
area 
Node removal 
algorithm 
Correlation length 
/per area index 
Bunn et al. 
(2000) 
Assessing 
connectivity and 
determining the 
critical thresholds for 
the network 
Prioritise habitat 
patches 
---------- 2 species with 
same habitat 
requirement 
Mustela vison 
(mammal), 
Protonotaria citrea 
(bird) 
National 
wildlife refuge 
and 
surrounding 
counties, 
North 
Carolina USA 
Species specific 
habitats  
Regional 30m * 30m 
for least-cost 
modelling 
Cost-weighted 
distance/ patch 
area  
Node removal 
algorithm/ edge 
thresholding 
Graph 
diameter/area-
weighted dispersal 
flux/ node 
sensitivity 
Urban & Keitt 
(2001) 
Assessing 
connectivity 
Prioritise the 
nodes  
--------- Single species Mexican Spotted 
Owls (bird species) 
Over 4 states, 
south western 
USA 
2 habitat scenarios: 
island model and 
mosaic landscape 
of suitable habitats 
Regional 1km*1km 
for 
derivation of 
landscape 
mosaic 
Euclidean 
distance/ 
area/mean 
dispersal ability 
of species 
Edge 
thresholding/ 
node removal 
Minimum spanning 
tree/ number of 
graph components/ 
order of the largest 
component/ graph 
diameter  
Jordan et al. 
(2003) 
Assessing 
connectivity at two 
scales 
Prioritise the 
nodes and links 
---------- Single species Brachypterous 
bush-cricket 
(insect) 
On Aggtelet 
Karst, north 
eastern 
Hungary  
Species specific 
habitats occupied 
by the species 
Local Not 
applicable 
Population 
dynamics/ cost  
Node and edge 
removal 
Maximal connected 
local population 
size/weighted links 
/ node degree/ 
clustering 
coefficient/  
Rothley and 
Rae (2005) 
Assessing 
connectivity 
Prioritise the 
nodes and links/ 
trade-off between 
patch size and 
patch contribution 
to connectivity  
----------- Multispecies No specific species Mountainous 
region, 
Whistler, 
British 
Columbia, 
Canada 
Second-growth 
forest reserves 
Regional 50m*50 m Cost of 
movement/ area/ 
Euclidean 
distance 
Node removal/ 
edge removal 
Correlation length 
Rhodes et al. 
(2006) 
Analysing species 
movement behaviour 
and possibility in a 
landscape 
Prioritising nodes 
based on their 
centrality to 
movement pattern 
------------ Single species White-striped 
freetail bats (flying 
mammal) 
Suburban 
Brisbane, 
Australia 
Tree habitats 
roosted by the 
species 
Local Not 
applicable 
Direct 
observation of 
species 
movement using 
radio-telemetry  
Scale free 
network 
representation 
Node degree 
O’Brien et al. 
(2006) 
Investigating the 
critical distances 
where connectivity 
changes dramatically 
------------- -------------- Single species Woodland caribou 
(mammal) 
Owl Lake 
caribou range, 
Canada 
High quality 
habitat patches 
Regional 50m*50m Cost / Euclidean 
distance/ area of 
habitats 
Minimum 
planner graph/ 
edge 
thresholding/ 
GPS telemetry 
of species  
Expected cluster 
size 
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Schick and 
Lindley (2007) 
Connectivity of 
species populations 
assessed 
Nodes prioritised 
to provide 
restoration insights 
Scenarios of 
adding extra dams 
on riverine 
network were 
optimised 
Single species Spring-run Chinook 
salmon (fish) 
River basins in 
central valley, 
California as 
source or sink 
patches 
Riverine species 
populations 
Regional Not 
applicable 
Euclidean 
distance/ 
metapopulation 
dynamics (e.g. 
fish straying, 
migration rate, 
dispersal kernel, 
population size) 
Node removal Outdegree/ 
indegree/ node 
strength/ 
population’s 
independence 
Minor and 
Urban (2008) 
To assess 
connectivity on three 
different 
representations of 
habitat networks 
--------------- Identify resilient 
locations to 
human 
development  
Single species Song birds Over several 
counties, 
North 
Carolina 
Piedmont 
Hardwood-forest 
patches 
Regional Not 
applicable 
Euclidean 
distance 
Two network 
representations/ 
community 
detection 
Graph diameter/ 
node degree/ 
characteristic path 
length (CPL)/ 
clustering 
coefficient/ 
connectivity 
correlation  
Vesas et al. 
(2009) 
----------------- To prioritise the 
impact of different 
scenarios of 
infrastructure 
development on 
connectivity  
To suggest the 
optimum 
construction 
scenario  
Single species 8 types of carabid 
species (mammal)  
Bereg plain 
(NE Hungary 
& W Ukraine) 
Habitat patches 
(old growth 
deciduous forests) 
Regional 50m*50m Euclidean 
distance/ 
resistance/ 
population size 
Source-target 
metapopulation 
model/ weighted 
and directed 
network 
Core index/ 
reachability 
Zetterberg et al. 
(2010) 
Connectivity assessed 
in two scales / 
stepping stone 
identified in network 
scale 
Patches prioritised 
in terms of their 
centrality to 
dispersal 
Suitable redesign 
potentials 
(spawning ponds) 
identified to 
restore 
connectivity  
Single species European common 
toad (amphibian) 
Urban 
landscape of 
Stockholm, 
Sweden 
Species potential 
breeding sites: 
lakes, ponds, 
wetlands 
Regional & 
local 
30m*30m Cost / Euclidean 
distance (length 
of LCP) 
Adding links Betweenness 
Centrality 
Saura et al. 
(2011) 
Temporal changes of 
connectivity 
monitored  
--------------- -------------- Multispecies Forest-dwelling 
species classified in 
4 classes of median 
dispersal distance 
Over 21 
European 
countries 
Forest patches 
(broadleaves, 
coniferous and 
mixed) 
Regional 100m*100m Euclidean 
distance/ species 
median distance 
Average cost / 
Euclidean 
distance/ area of 
patches 
Equivalent 
connected area 
index (ECA) 
Garcia-Feced et 
al. (2011) 
To assess the 
connectivity  
To prioritise 
landscape classes 
in terms of their 
importance for 
connectivity  
To prioritise 
agricultural 
patches based on 
their restoration 
potential  
Multispecies Forest-dwelling 
species by 
considering 4 
different dispersal 
distances 
Mediterranean 
forest 
landscapes, 
Spain 
Forest patches 
(coniferous, 
deciduous 
woodlands and 
meadows) and 
agricultural 
patches  
Regional Not 
applicable 
Node removal Euclidean 
distance/ area of 
patches 
Integral index of 
connectivity (IIC) 
Foltete et al. 
(2012) 
To assess 
connectivity to test 
some graph-based 
metrics using 
presence-absence 
data 
---------- ----------- Single species European tree frog 
(amphibian) 
Region of 
Franche-
Comte, France 
 
Species specific 
habitats & species 
presence-absence 
data 
Regional 2500 m 
*2500m 
Incorporating 
species 
distribution 
model to graph 
modelling 
Euclidean 
distance/  patch 
area and quality/ 
cost/ presence-
absence data  
Recruitment/ 
traversability/ area-
weighted flux/ 
betweenness 
centrality index 
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3.2.2 Construction of networks for connectivity analysis 
Each network comprises sets of nodes and links. Nodes represent the location of species 
populations (Schick and Lindley, 2007) or habitat patches already occupied by the species 
(Jordán et al., 2003) or potentially suitable to be inhabited. Reviewing the literature there is 
not much debate on the derivation of nodes (Minor and Urban, 2008) and generally patches 
are simulated by their geographic centroids. However, there are more rigorous methods 
available to derive the centroid of a patch especially when the patch has a complex shape and 
dimensions (Deakin and Bird, 2002; Farmer et al., 2011; Poodat et al., 2011). Links on the 
other hand, represent the distance between habitat patches in terms of Euclidean distance or 
cost-weighted distance. Links can even represent the possibility, or probability, of movement. 
The information on resistance of the landscape to the movement of species and species 
responses to the landscape structure, will all be integrated into the network through the links. 
Clearly further discussion is needed on how to construct the links for the network.  
Given a certain number of nodes available in the model, the number of links required 
between the nodes to represent their topological relationships is addressed in the literature 
(Minor and Urban, 2008). Construction of topology seems to be a trade-off between 
ecological reality and the efficiency of computation. While it is more desirable to construct a 
network which links each node with all other nodes (Mastisziw and Murray, 2009), it is often 
a computationally-heavy process and, in some cases, might not be feasible to construct (Fall 
et al., 2007). That might be the reason for the introduction of the minimum spanning tree 
(Urban and Keitt, 2001), the minimum planar graph (Fall et al., 2007) and the nearest 
neighbour graphs (McRae and Kavanagh, 2011) that can be more efficiently constructed.  
Once the topological relationships are established and network links are constructed, the links 
are measured in terms of their weights or in binary approaches, in terms of their availability. 
Links provide the opportunity to incorporate desirable species-specific variables into the 
study. The values of links are measured based on the Euclidean distance (Bodin and Norberg, 
2007; Minor and Urban, 2008; Urban and Keitt, 2001), cost of movement (Rothley and Rae, 
2005; Vesas et al., 2009; Zetterberg et al., 2010), or direct observation of species movement 
(Rhodes et al., 2006). Unlike measuring the Euclidean distance between patches, it is more 
complex to determine the cost of movement. Least-cost modelling is one of the most 
49 
 
common ways to determine the cost (Bunn et al., 2000; O'Brien et al., 2006; Rayfield et al., 
2010) (see Sections 2.3.3 and 2.4). The links have been constructed by empirically studying 
the species movement behaviour between its habitats (Rhodes et al., 2006); however, 
empirical studies are not feasible for a large area and are more suitable for local scale 
assessments. 
3.2.3 Graph operations 
Graph theory provides a set of operations which is useful for assessing different aspects of 
connectivity. For example, detecting the structure of communities or clusters is a graph 
operation by which different levels of connectivity in the network are revealed (Bodin and 
Norberg, 2007; Minor and Urban, 2008). The other example refers to the flexibility of graph 
theory in terms of adding or removing elements. Edge removal and node removal operations 
are applied to networks (García-Feced et al., 2011; Keitt et al., 1997; Schick and Lindley, 
2007; Urban and Keitt, 2001). Edge removal has also been applied to determine the critical 
threshold of the landscape beyond which the landscape becomes critically disconnected 
(Bunn et al., 2000; Fall et al., 2007). The threshold is the distance beyond which the 
landscape is sensitive to fragmentation. On the other hand, node removal algorithms are 
applied to identify the importance of each specific node to the overall measure of 
connectivity (Keitt et al., 1997; Urban and Keitt, 2001). Depending on the algorithm used, 
nodes are removed from the network in a specific order and the connectivity metric is 
recalculated upon each removal to investigate the changing behaviour of the metric and hence 
the connectivity of the landscape (see Section 3.3.2 for further explanation). 
3.2.4 Landscape under study 
To date, graph theory has been applied to connectivity studies in a variety of landscapes such 
as natural landscapes and reserves (Bunn et al., 2000; O'Brien et al., 2006), forest landscapes 
(García-Feced et al., 2011), agricultural landscapes (Bodin and Norberg, 2007), water basins 
(Schick and Lindley, 2007), rural and suburban landscapes (Rhodes et al., 2006) and urban 
landscapes (Zetterberg et al., 2010). Graph theory has been shown to be more applicable to a 
patchy and fragmented structure of landscape in which habitats are discrete in the non-habitat 
area (Galpern et al., 2011). Graph theory has no limitation in terms of the scale and has been 
applied to a different range of scales from local (Jordán et al., 2003) to regional (Vesas et al., 
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2009) to continental (Saura et al., 2011). However, due to the efficiency of computation, as 
the extent of the study grows, the resolution and level of detail decreases and becomes more 
generalised and aggregated.  
3.2.5 Single species vs. multispecies approach 
In terms of the species for which connectivity is desired, graph theory has been applied to 
both single species and multispecies studies. Keitt el al. (1997) modelled connectivity for a 
bird species and represented its suitable habitats as nodes and the Euclidean distance between 
the habitats as links. Bunn et al. (2000) modelled connectivity for two types of species which 
have the same habitat requirement and so share the same habitats but have different dispersal 
abilities. In their representation, nodes of the model were the same for the two species but 
links were different, and the connectivity of the landscape was compared in regard to each 
species. Using a similar method, Rothley and Rae (2005) included more species. They 
assessed the connectivity of forest reserves by considering a set of dispersal distances using 
thresholds and by removing the links based on the thresholds. The trend of change in the 
connectivity measures showed the moments when the landscape was disconnected for a 
specific set of dispersal distances associated with a corresponding type of species. Other 
multispecies studies such as Saura et al. (2011) and Garcia-Feced (2011) compared the 
connectivity of forest patches by setting four median dispersal distances that represent all 
types of forest dwelling species. Through these approaches the number and location of nodes 
are always consistent and the network is only varied in terms of the number of links. In fact, a 
multispecies approach in which different species-specific habitats are incorporated is lacking 
(Urban et al., 2009). 
It was previously discussed in Sections 2.1.2 and 2.2.6 that in order to have a realistic 
prediction of connectivity and its improvement, a species-specific consideration of 
connectivity is required. It was also discussed that to reduce the redundancy in management 
plans and decisions, and in order to have a holistic view of the urban landscape, it is 
necessary to have a multispecies approach to studying connectivity of the urban landscape. 
While graph theory has been successfully applied to different patchy landscapes (Galpern et 
al., 2011; Moilanen, 2011; Urban and Keitt, 2001), with a small proportion of habitats 
(Ferrari et al., 2007) included in the urban environment, what is lacking is a multispecies 
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approach, by which species with different habitat requirements are included. Given the 
availability of different types of habitat suitable for urban biodiversity, and in order to 
support the conservation of biodiversity in urban environments, this research study explored 
further how graph theory can be integrated into a multispecies assessment of the urban 
landscape by overlaying the species-specific networks, as recommended by Urban et al. 
(2009). In order to establish a suitable method to meet this aim, it was necessary to review the 
graph-based measures and investigate their suitability and potential to be applied to 
measuring connectivity in this study. These are the points discussed in the next section.  
 
3.3 Graph-based metrics 
The next step towards connectivity assessment is the application of graph measures. In 
existing research projects, a large number of topological and ecological graph metrics have 
been applied to address various aspects of functional connectivity (Cantwell and Forman, 
1993; Pascual-Hortal and Saura, 2006; Rothley and Rae, 2005; Urban and Keitt, 2001; Vesas 
et al., 2009). A thorough review of these metrics is provided by Rayfield et al. (2011). While 
topology metrics originate from the mathematical background of graph theory and network 
analysis, ecology metrics are grown in meta-population theory and conservation biology that 
address specifically the ecological issues associated with habitat networks. Graph metrics are 
classified into three scales: element, component, and network (Galpern et al., 2011). Graph-
based metrics at the element scale address the individual configuration of the graph model 
and the contribution to the dispersal flux and network connectivity. Metrics of the 
components scale are those that consider the cluster of configurations: those nodes and links 
that are connected in a sub-graph directly or indirectly. The network scale metrics focus on 
the dispersal flux and connectivity over all the configurations and graph components.  
It is important to note that there is no fixed rule in the choice of index and often the selection 
is based on the specific study requirement (Farina, 2000). Despite the large number of metrics 
applied so far, only a few of them have been comparatively tested in respect of their 
sensitivity to different aspects of connectivity of the network (Baranyi et al., 2011; Magle et 
al., 2009; Pascual-Hortal and Saura, 2006; Saura and Pascual-Hortal, 2007b). Due to the lack 
of comprehensive knowledge of the response of all metrics to different conservation 
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scenarios, recommendations on the appropriate metric can assist with the choice of 
appropriate metrics for the study.  
Generally, multiple metrics that can address different aspects of the landscape structure and 
the species movement characteristics are required (Baranyi et al., 2011; Laita et al., 2011; 
Rayfield et al., 2011). By considering the suitable criteria that was established in Section 2.2, 
it is possible to improve the performance of the metrics (Calabrese and Fagan, 2004; 
Moilanen and Hanski, 2001). Furthermore, measures that are based on a probabilistic 
approach are preferred as they suffer less from the hard cut-off of the links (Moilanen, 2011) 
and they do not show sudden shifts in connectivity from increasing species dispersal ability 
or similar changes in the variables (Laita et al., 2011). Simpler metrics are also recommended 
(Rayfield et al., 2011). To measure connectivity of the urban landscape, two sets of graph-
based metrics are required to measure connectivity at the network and element scales (e.g. 
nodes and links) which can address the established criteria. The network scale metric assisted 
with monitoring the status of connectivity of the landscape for the species under study, 
whereas element scale measures identify those habitats that make a greater contribution to 
maintaining the connectivity of the landscape.  
3.3.1 Connectivity metric at network scale 
Connectivity between a pair of nodes is dependent on a number of factors including the 
Euclidean distance between the nodes (Hanski, 1994); resistance of the intervening matrix 
(Adriaensen et al., 2003; McRae et al., 2008); the capacity of a corridor to cope with the 
amount of biological flows (Mastisziw and Murray, 2009; Pascual-Hortal and Saura, 2006); 
and the ecological value of the habitats which are associated with the two nodes (Bunn et al., 
2000; Hanski and Ovaskainen, 2000; Moilanen, 2011; Urban and Keitt, 2001). Dispersal flux 
(flux) is shown to be a suitable metric to measure the connectivity between pairs of habitat 
patches (2012). The  flux between a pair of habitats is defined as the probability of dispersal 
between the two nodes multiplied by the area and quality of the source habitat patch (Urban 
and Keitt, 2001). 
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                          (Equation  3.1) 
where     refers to probability of dispersal between patch i and j. Metric probability of 
dispersal originates from meta-population ecology (Hanski, 1994, 1997) and is indexed as:  
 
                       (Equation  3.2) 
where     determines the probability of colonisation of patch  j  by the species that moves 
from patch i. The term k is a species-specific constant which can be estimated based on 
detailed statistical analysis of empirical studies (Hanski, 1994; Moilanen, 1999). The term 
    is the Euclidean distance between patch i and j and k is a species-specific constant setting 
the survival rate of migrants over distance     (Hanski, 1994; Moilanen, 1999). It is common 
to use     to calculate the probability of dispersal between nodes in the network analysis 
(Bunn et al., 2000; Urban and Keitt, 2001). Furthermore, cost-weighted distance has been 
introduced to     instead of Euclidean distance (Saura et al., 2011) and the metric is shown to 
be able to best predict the occupancy of habitats by a given species (Magle et al., 2009).  
For this study, in order to measure the connectivity along the network links, both     and 
       were applied. In this context there is the possibility of dispersal for each species which 
shows to which degree a pair of habitat patches is functionally connected for dispersal of that 
particular species. This study incorporated the cost-weighted distance into     so that the 
metric more realistically predicted the connectivity between habitats. Section 2.2.3 discussed 
that incorporating the cost of movement rather than Euclidean distance into metrics brought 
more biologically reasonable results to the connectivity study (Foltête et al., 2012; O'Brien et 
al., 2006). Due to the large scale of this study, similar to the study by Saura and Pascual-
Hortal (2007b),        was modified and indexed as: 
 
                          (Equation  3.3) 
where    and    refer to the area of the habitat patches and     refers to the probability of 
dispersal between the habitats. Using the probability approach by the use of     allowed the 
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measuring of the degree of connectivity along the links and avoided the hard thresholding of 
information as explained by Moilanen (2011).  
The overall connectivity of the network is the sum of the connectivity between individual 
pairs of nodes (Mastisziw and Murray, 2009). In Section 2.2.5 the necessity of considering 
the intra-patch connectivity was discussed (Fall et al., 2007; Ferrari et al., 2007; Pascual-
Hortal and Saura, 2006). Area-based metrics are those established on the basis of this concept 
(see Section 3.3.2). A small group of them, their definition and indices, are shown in 
Table  3.3. Therefore the alternative metric to measure connectivity of the network is defined 
as the total dispersal flux along the links as well as the intra-patch connectivity. For this study 
the total connectivity of the network (C) was indexed accordingly as Equation 3.4: 
 
  ∑ ∑   
 
 
 
                          (Equation  3.4) 
where C is the connectivity of the network at the scale of the entire network, a refers to the 
area of the individual patches, i and j and     reflects the connectivity between a pair of 
patches, i and j. With some slight differences, the resultant C metric is similar to the PC 
metric developed and tested by Saura and Pascual-Hortal (2007b). Metric PC is defined as 
the probability that two nodes randomly placed in a network can be connected (Saura and 
Pascual-Hortal, 2007b) (see Table  3.1 for the index of the metric). Overall C is the network 
scale metric for this study designed to measure the total connectivity of the species network.  
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Table  3.3: The selection of graph metrics based on the habitat availability concept. 
Name Index Definition Reference 
 
Integral index 
of connectivity 
(IIC)  
 
    
∑ ∑
     
      
 
   
 
   
  
  
   is the area of each habitat,      is the 
number of links in the shortest path 
between patches   and  ,    is total area 
of landscape 
 
A binary metric of 
connectivity based on the 
distance between a pair of 
nodes. Those distances below 
the threshold are connected.  
 
(Pascual-Hortal and 
Saura, 2006) 
Probability of 
connectivity  
(PC) 
 
   
∑ ∑          
  
   
 
   
  
  
Where    and    are areas of patches, 
    is total landscape area. If     is the 
probability of direct dispersal, then    
  
is the maximum product probability of 
all of the possible paths between 
patches   and  . 
The PC is defined as the 
probability that two nodes 
randomly placed in a network 
can be connected.  
(Saura and Pascual-
Hortal, 2007b) 
Dispersal flux 
(flux)  
  ∑ ∑       
 
     
 
 
    
    is the probability of direct dispersal 
from patch   to patch   and is indexed 
as the negative-exponential decay.    is 
related to the area of patch  . 
It shows the total dispersal 
between pairs of habitats over 
the network. 
(Bunn et al., 2000; 
Urban and Keitt, 
2001) 
F metric 
 (F) 
  
   
   
 
where     is the proportion of habitat 
in the largest patch and     is the 
proportion of habitat in the largest 
cluster. 
It shows the fraction of the 
area of the largest patch from 
the total area of habitat in the 
largest cluster. 
(Ferrari et al., 2007) 
Recruitment 
(recruitment) 
 
 
   ∑  
 
   
    
where    is patch size and    is the 
scaling function related to habitat 
quality. 
It is defined as the sum of the 
quality-weighted area of all 
the nodes in the network. 
(Urban and Keitt, 
2001) 
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3.3.2 Connectivity metric at the local scale 
At the local scale of analysis, and to reveal the importance of network elements such as nodes 
and links to connectivity, to date three sets of measures have been applied in the graph-based 
connectivity studies. They are area-based metrics, a node removal algorithm and centrality 
metrics. Area-based metrics are those that identify the importance of habitats solely based on 
their structural values such as size and quality (Ferrari et al., 2007; Urban and Keitt, 2001) 
(see Table  3.3 for examples of this class of metrics). Among the area-based metrics 
recruitment appeared to be more relevant to identify the importance of habitats for the 
survival of species (Foltête et al., 2012). 
It was explained in Section 3.2.3 that node removal is a graph operation based on specific 
algorithms used to exclude each node and its associated links, to calculate the difference 
between the new connectivity metric applied on the network and the original connectivity 
metric, and to show the importance of each node in the network connectivity (Keitt et al., 
1997; Pascual-Hortal and Saura, 2006). Figure  3.1 shows the concept behind the node 
removal algorithm. The significance of each node in the connectivity of the network is 
defined as Equation 3.5. 
 
 
Figure  3.1 Node removal algorithm: (a) shows the unmodified network; (b) shows the case 
where node k is removed from the network. 
 
   
    
 
            (Equation  3.5) 
where     refers to the contribution of node k in connectivity of the network. Metric C refers 
to the connectivity of the network and    refers to the connectivity of the network after 
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removal of node k. This algorithm helps in determining the individual contribution of each 
node in the overall value of connectivity and dispersal flux (Urban and Keitt, 2001).  
The centrality metrics are the other group of metrics which are commonly applied to 
delineate the role of graph configurations at the local scale (Bodin and Norberg, 2007; Bodin 
and Saura, 2010; Carroll et al., 2012). Newman (2003) proposed a wide number of centrality 
metrics. Estrada and Bodin (2008) reviewed a number of centrality metrics and their 
application for studying connectivity. Among the centrality metrics, betweenness centrality  
showed an ability to verify the importance of each node in the traversability of the network 
(Estrada and Bodin, 2008). The metric betweenness centrality (BC) is defined as the 
proportion of shortest paths between pairs of nodes in the network which includes passing 
through node k (Freeman, 1978) (Equation 3.6).  
   ∑ ∑
        
          
                (Equation  3.6)                  
                          
Patches with high betweenness centrality (BC) are assumed to be the backbone of the 
network without which the network would be isolated dramatically (Estrada and Bodin, 
2008). As nodes with high betweenness centrality uphold the traversability of the network, 
loss of patches with high betweenness centrality are more likely to cause fragmentation 
(Bodin and Norberg, 2007; Estrada and Bodin, 2008). In the ecological context, patches with 
high BC are more likely to act as stepping stones to dispersal of species across the landscape 
(Baranyi et al., 2011) (see Section 2.1.1 for definition of stepping stones). 
Degree centrality is another centrality metric which can show the interaction of a patch with 
other adjacent patches. Degree centrality is defined as the number of links attached to node i 
(Estrada and Bodin, 2008). Degree centrality has the potential to reveal information on the 
connectivity of patch i to the adjacent patches at the local scale. 
Centrality metrics are based purely on topology and are not associated with the ecological 
value of a patch and its neighbours. Saura and Rubio (2010) argue the application of 
betweenness centrality without any other ecological measure is not able to reveal the 
ecological importance of a patch completely. It is possible that a patch with high betweenness 
centrality becomes surrounded by small and degraded habitats compared with a low 
betweenness centrality patch which is surrounded by a few large and high quality habitats. 
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However, metric betweenness centrality still indicates interesting information on network 
structure and the positional importance of the patch (Baranyi et al., 2011; Laita et al., 2011). 
Overall, in this study, requirement, node removal algorithm, degree centrality and 
betweenness centrality were the selected set of metrics that were applied in the network scale 
assessment of connectivity.  
 
3.4 The integrity of graph theory and the spatial environment for 
biological conservation 
There are two groups of software packages available for construction of a network: those 
which are developed for constructing a biological network for connectivity considerations 
such as Linkage Mapper (McRae and Kavanagh, 2011), FunConn (Theobald et al., 2006), 
and Conefor Sensinode (Saura and Pascual-Hortal, 2007a) and those which construct and 
manipulate a network for other disciplines such as social sciences or computer science. 
Examples of those are Pajek (Batagelj and Mrvar, 2011), packages of software ‘R’ such as 
igraph, and network X. Even GIS software such as ArcGIS have some functionality to 
construct the network. ArcGIS is also able to model the least-cost paths between the habitat 
patches based on a resistance layer. Functions in ArcGIS such as cost-distance, least-cost 
corridor and network functions have been used for the graph analysis of connectivity (Saura 
et al., 2011; Best et al. unpublished in  Urban et al., 2009; Zetterberg et al., 2010). Given the 
fact that the ecological-based software packages may not be able to be applied for large 
datasets and their functionality is limited in complex network analysis, there is still a need for 
a robust package with the ability to construct a network and apply measures for ecological 
purposes and connectivity considerations (Galpern et al., 2011). 
 
3.5 Method: To design the conceptual model for this study 
In essence, this research project was designed to develop a method for a more generalised 
approach to multispecies connectivity, one that can be operational for future planning. 
59 
 
Figure  3.2 illustrates the method designed for a multispecies approach to assessing ecological 
connectivity.  
 
Figure  3.2: Diagram of the steps in the multispecies method 
 
Five main steps are involved in this method. They are:  
• determining the study area 
• choosing the target species  
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• constructing the species habitat networks and assessing connectivity of the species 
networks 
• evaluating the species connectivity outcomes 
• overlaying the networks and analysing the combined connectivity outcomes 
Sections 3.5.1 to 3.5.5 explain each step.  
3.5.1 Determining the study area 
The study area for this thesis, Metropolitan Melbourne, is a typical case study area in which 
habitats and reserves have been highly modified due to the urbanisation trend since the city’s 
establishment in 1835. Despite the ecological values existing in the city, the biodiversity of 
Melbourne is in decline and needs extensive attention (Hahs et al., 2009a; Victorian 
Environmental Assessment Council, 2010a). Connectivity has been recommended as a 
conservation strategy to support biodiversity within Metropolitan Melbourne. Further 
information related to the study area is discussed in Chapter 4. 
3.5.2 Choosing the target species 
To conduct a multispecies study, with species-specific considerations, four target species are 
selected within the study area, based on a set of criteria which is discussed in Section 4.2. The 
species are the Lace Monitor (Varanus varius), the Growling Grass Frog (Litoria raniformis), 
the Fat-tailed Dunnart (Sminthopsis crassicaudata) and the Southern Brown Bandicoot 
(Isoodon obesulus). The target species have different habitat requirements and hence different 
models of habitat networks are produced in order to allow innovation in terms of the multi-
graph representation of connectivity. For this study it is preferred that the target species are 
all ground dwelling and are therefore affected by the structure of the urban matrix. This 
allows the incorporation of a cost layer in the analysis. More information on the target species 
and their spatial ecology is found in Chapter 4. 
3.5.3 Constructing the habitat networks and assessing connectivity of the 
network for each target species 
The habitat network of each target species is modelled based on graph theory. Topology for 
each graph model is constructed comprising nodes and links. Nodes represent the location of 
species-specific habitats and links represent the cost-weighted distance between each pair of 
habitats. Cost-weighted distances are calculated based on least-cost modelling according to a 
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resistance layer developed per target species. Once the species network is constructed, the 
graph-based metrics, at both the network and local scale, are applied to measure connectivity 
and to reveal the strengths and weaknesses of the species network in the study area. Suitable 
layers employed for the multispecies section are developed in this step of the method. Further 
explanation on the method and the results achieved in this section are presented in Chapter 5. 
3.5.4 Evaluating the species connectivity outcomes 
The results of the connectivity analysis are evaluated to determine how realistic and 
ecologically reasonable the results are. Individual networks are evaluated in terms of their 
robustness based on the assumptions and variables considered important to this study by 
conducting four different sensitivity tests. Synthesising the results of the study allows the 
establishment of an appropriate method for studying connectivity in highly modified urban 
environments. Further explanation on the methods and the results related to this part is 
presented in Chapter 6. 
3.5.5 Overlaying the networks and analysing the combined connectivity 
outcomes 
After the species-specific networks are analysed individually and the connectivity of the 
landscape is assessed relevant to each individual species, they are overlaid so that a 
qualitative assessment of the ecological connectivity of the landscape could be conducted. 
Using this holistic approach to ecological connectivity, the potential areas for maintaining 
and restoring ecological connectivity are delineated to a finer scale. The multispecies aspects 
of this study are discussed further in Chapter 7. 
 
3.6 Summary 
While reviewing the graph-based connectivity studies based on their aims, network 
construction approaches, graph operation, landscape and species under study, it was found 
that the application of graph theory facilitated the assessment of connectivity and assisted in 
predicting the optimum restoration scenario to enhance connectivity. Connectivity was 
studied by the single species approach and the multispecies approach; however, the 
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multispecies approach, in which species have different habitat requirements, has not been 
addressed yet. Using graph theory the aim of this study is to close this gap by conducting a 
multispecies study of ecological connectivity. To reveal different aspects of connectivity in 
species networks a set of graph-based connectivity metrics were required. Two levels of 
metrics were selected for this study: network scale and patch scale. At the network scale the 
metric C was selected to monitor the species-specific connectivity of the entire network. The 
node removal algorithm and centrality metrics were selected to prioritise the significance of 
individual habitats in maintaining the connectivity of the network.  
Using graph theory and the graph-based metrics, this study explored the application of graph 
theory for a multispecies study of connectivity in urban regions. Five steps were designed to 
conduct the multispecies assessment. They are: determining the study area, choosing the 
target species, constructing the habitat networks for each target species and assessing the 
connectivity of species networks, evaluating the species connectivity outcomes, and 
analysing the combined connectivity outcomes. General information on the study area, and 
the species under study, are presented in the next chapter.  
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Chapter 4. Case study 
Native vegetation in Australia has been modified by human activities since the 1880s. 
Complete removal of the vegetation, replacement of vegetation with other land uses such as 
agriculture or forestry, and use of existing native vegetation for other purposes such as 
pastoralism and timber harvesting, are examples of human-based modification and 
disturbance (Hobbs and Hopkins, 1990). Such clearance and degradation of native vegetation 
is widely identified as a major driver of decline in Australian biodiversity (Victorian 
Environmental Assessment Council, 2010b). Consequently, it has been recognised that the 
existing system of nature reserves in Australia is inadequate to support biodiversity due to its 
failure to support biological fluxes across the landscape (Soulé et al., 2004). In this context 
the availability of ecological connectivity, at different spatial scales, has been recommended 
as an effective strategy to conserve the remnant native vegetation (Soulé et al., 2004). To 
connect the Australian landscapes, there are a number of organisational initiatives aimed at 
constructing a diverse scale of biological links that are nationwide corridors connecting 
reserves and natural areas such as the Great Eastern Ranges and Habitat 141 initiatives.  
Of the states and territories in Australia, Victoria is the most cleared, with 53.8% of the 
original extent of native vegetation cleared for agricultural and urban development 
(Department of Sustainability and Environment, 2005; Victorian Environmental Assessment 
Council, 2010b). Removal of native vegetation is still continuing in Victoria and this is 
recognised as the major threat to the biodiversity of the state (Victorian Environmental 
Assessment Council, 2010b). Melbourne is the capital of the state of Victoria and is a major 
city of Australia. About one fifth of the Australian population lives in Victoria with more 
than 70 percent of those 5.53 million people living in Melbourne (ABC News, 2011). The 
strategic ecological environments existing in Melbourne are being threatened by the ongoing 
and significant impacts of urbanisation and human activities. Metropolitan Melbourne was 
therefore selected as an appropriate study area to perform the multispecies connectivity study. 
In this chapter an explanation is given of the study area and the rationale for its selection; the 
background of relevant studies conducted previously in the same study area; the target 
species which were selected for the multispecies analysis; and the required input data for the 
study.   
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4.1 Study area: Metropolitan Melbourne 
Metropolitan Melbourne is located beside Port Phillip Bay on the southern coast of south-
eastern Australia. The extent of the study area for which this study assessed connectivity is 
shown in Figure  4.1 and comprises 30 local government areas. Metropolitan Melbourne 
includes an Urban Growth Boundary which has been established by the Victorian 
government around the highly developed area of the city at the northern end of Port Phillip 
Bay and along the bay, to restrict urban growth (Department of Planning and Community 
Development, 2002) (Figure  4.1). The area between the Urban Growth Boundary and the 
outer boundary of the study area is called the urban fringe which is recognised for its 
ecological values (Hahs and McDonnell, 2006). 
 
 
Figure  4.1 Study area. (a) The location of the study area in Melbourne, Australia. (b) The 
extent of the study area (hatched region) in relation to Greater Melbourne and its Urban 
Growth Boundary.  
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Melbourne was recognised internationally as the most liveable city in the world in 2011 (The 
Economist Intelligence Unit, 2011). The urban area for Melbourne contains both abiotic and 
biotic ecological values. Almost 9,000 kilometres of rivers and streams flow through the city 
and eventually reach Port Phillip Bay and Western Port Bay. The largest rivers are the Yarra 
River and the Maribyrnong River (Victorian Environmental Assessment Council, 2010a). 
The landscape still contains a considerable amount of native vegetation (Department of 
Sustainability and Environment, 2005). More than 500 native vertebrate and invertebrate 
species, and more than 17,000 vascular native plants, have been recorded within the 
metropolitan area since 1990 (Victorian Environmental Assessment Council, 2010a).  
Urban growth in Melbourne started with British settlement in the 1880s, mainly along the 
rivers such as the Yarra (Neutze, 1981). By that time the city of Melbourne had expanded 
significantly and included suburban areas and villages. This was partly because of 
improvements in the transport system. The population of Melbourne reached one million in 
1928 and was clearly concentrated around the main transport network and around the bay. By 
2001 the population had tripled reaching 3.2 million. In 2011 the population of Metropolitan 
Melbourne was reported as 5.53 million people, with 70 percent of Victorians living in 
Melbourne (Australian Bureau of Statistics, 2012). Figure 4.3 shows the distribution of 
population over the local government areas.  
 
Figure  4.2: The trend of urbanisation in Metropolitan Melbourne (Department of Planning 
and Community Development, 2002) 
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Figure  4.3: Distribution of population as a percentage of total population for Melbourne over 
local government areas in 2006 (DPCD, spatial analysis and research branch, 2009). 
 
The expansion of the population, their activities and the associated modification of the 
environment has led to the loss or degradation of native vegetation and habitats within 
Metropolitan Melbourne so that more than two-thirds of the native vegetation has been 
cleared (Department of Sustainability and Environment, 2005, 2010b). The main portion of 
remnant native vegetation in Metropolitan Melbourne is suffering from fragmentation (Hahs 
et al., 2009a). Fragmentation is known to be one of the major threats to native vegetation 
(Hahs et al., 2009a) and ecosystems (Department of Environment Water Heritage and the 
Arts, 2009), and consequently to the species that inhabit the study area. Within the study area 
the main areas of biodiversity are “virtually restricted” to fragmented native vegetation and 
isolated habitats (Victorian Environmental Assessment Council, 2011).  
Consequences of urbanisation have resulted in a long list of Victoria’s threatened flora and 
fauna species. About 300 plant species, vertebrate fauna and invertebrate fauna species are 
listed as threatened in Victoria (Department of Sustainability and Environment, 2007a, 
2009a). The population is predicted to grow by an additional one million by 2028 
(Department of Planning and Community Development, 2002). Despite much concern and 
progress in protecting biodiversity over the last decade, “Victoria’s biodiversity is still in 
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decline” (Department of Sustainability and Environment, 2010a, Page 3). With ongoing 
urbanisation, and the possible impact on habitats, reserves and biodiversity (Department of 
Sustainability and Environment, 2009b; Gordon et al., 2009), it is necessary to conserve 
biodiversity through enhancing the condition of species habitats (Victorian Environmental 
Assessment Council, 2010b). Improvement of ecological connectivity is one of the proposals 
to enhance the condition of flora and fauna. Ecological connectivity reduces the risk of 
further extinction of native species (see Section 1.4.1 for an extensive explanation).  
Related studies on assessment of ecological connectivity undertaken in the study area will 
now be reviewed.  
4.1.1 History of connectivity studies in Melbourne  
The significance of conserving biodiversity in Australia including native flora and fauna 
species is associated with increasing awareness. The Australian Federal Government 
acknowledges the need for the protection of nationally threatened species by administering 
the Environment Protection and Biodiversity Conservation Act 1999. Authorities in national, 
state and local governments emphasise the need for conservation and biodiversity 
enhancement in the study area. Non-government agencies are becoming more passionate 
about the ecological values of the landscape generally and biodiversity specifically.  
There is an increasing focus on connectivity to support biodiversity. Australia’s Biodiversity 
Conservation Strategy (Natural Resource Management Ministerial Council, 2010) has set 
priority action for restoring target levels of fragmented landscapes in the country. Australia’s 
Strategy for the National Reserve System 2008-2030 (Natural Resource Management 
Ministerial Council, 2009) outlines directions for improving connectivity in protected areas. 
The National Biodiversity and Climate Change Action Plan (Natural Resource Management 
Ministerial Council, 2004) has also set targets for maintaining and increasing ecological 
connections between priority habitats as a strategy to counteract climate change, in order to 
conserve biodiversity and ecosystems.  
At the state level, the Strategic Impact Assessment Report (Department of Sustainability and 
Environment, 2009b) promotes the need for connectivity analysis for some threatened faunal 
species within the study area. Priority actions and plans have been established to improve 
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ecological connectivity in natural vegetation and species habitats over Metropolitan 
Melbourne. Examples of those studies include Victoria’s Native Vegetation Action 
Framework (Department of Natural Resources and Environment, 2002), Biodiversity is 
Everybody’s Business (Department of Sustainability and Environment, 2010a), and the 
Remnant Native Vegetation Investigation Discussion Paper (Victorian Environmental 
Assessment Council, 2010b). Looking at the finer scale, connectivity studies conducted by 
local governments are specific in terms of the species investigated and the methods used. 
Examples of such studies are the Ecological Connectivity Plan for the South-East Region of 
Melbourne (McCaffrey and Henry, 2010), the Sub-Regional Species Strategy for the 
Southern Brown Bandicoot (Department of Sustainability and Environment, 2011b), and the 
Sub-regional Conservation Strategy for the Growling Grass Frog (Department of 
Sustainability and Environment, 2011a). The availability of several studies addressing 
connectivity at different scales and with different aims and approaches, suggests a lack of 
integrity in the results and recommendations to guide restoration projects. There is a need for 
a broad scale and collaborative analysis of connectivity in the study area (Department of 
Sustainability and Environment, 2010a).  
Further, in order to study their relevance to the purpose of this study, a selection of 
connectivity methods which have been applied so far over the study area are reviewed but 
without regard to the management and planning context of the connectivity and associated 
regulations.  
4.1.1.1 Multispecies connectivity assessment using circuit theory 
In 2010 the Victorian Environmental Assessment Council (2010b) investigated remnant 
native vegetation conditions across the state of Victoria to identify opportunities for 
ecological linkages. As a part of this project, species-specific connectivity was assessed for 
multiple species using a methodology based on circuit theory (see Section 2.3.3 for 
information on circuit theory). Thirteen vertebrate species were chosen as focal species and a 
model of their distribution was developed. For each species, a specific resistance layer was 
developed to incorporate the cost of species movement across the landscape. The probability 
of dispersal of each species across the state was measured and quantified by using the 
software ‘Circuitscape’. Redundancy in the resultant pathways showed a greater probability 
of dispersal in a particular area and this, potentially, could be used as a guide to where the 
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biolinks for each particular species should be established. As this study had a state-wide 
scale, the inner area of Metropolitan Melbourne was not represented in detail. 
4.1.1.2 Multispecies connectivity assessment using a gradient approach to the 
application of graph theory 
A multispecies connectivity study was conducted for three faunal groups (ground dwelling 
mammals, woodland birds and frogs) to improve and restore ecological connectivity over the 
entire Port Phillip and Western Port Region (Melbourne Water Corporation, 2011) with the 
extent being similar to the study area of this research. A resistance layer developed 
specifically for each surrogate group was used to represent the cost of movement within the 
landscape. The resultant resistance layer was input to the software Connectivity Analysis 
Toolkit (CAT) (Carroll, 2011) in order to estimate the least-cost path to connect important 
areas of the habitat. Having a gradient approach to the distribution of habitats, CAT analysed 
the connectivity by using a range of centrality metrics. Employing a source-target model of 
suitable habitats and a specific resistance layer for each surrogate group and using the 
gradient approach taken by the software, habitat patches were associated with larger equal 
hexagons covering the extent of the entire study area. The least-cost paths within and 
between the important hexagons, which were identified through the application of the 
centrality metrics, were generated. By combining the results of the surrogate groups, the 
lands with higher connectivity values were identified. While the multispecies aspects of this 
study are valid and quite interesting, the gradient approach did not reveal the details and 
specific restoration areas due to the heterogeneity of the urban landscape. Also due to the 
aggregation of patches into equal size hexagons, the area of patches and the influence of 
larger patches, rather than the smaller ones, are not incorporated into this study. In fact, the 
important patches are only recognised through their topology rather than their own structural 
attributes, such as size and ecological quality. While consideration of the cost of the 
landscape in the study is acknowledged, by aggregation of cost into equal size hexagons, the 
variation of landscape resistance can still be subtle when taking this approach. In 
Metropolitan Melbourne, with its high levels of modification and land alteration, taking a 
generalised approach as used in this study, is unlikely to address the structural heterogeneity 
of the landscape.  
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By applying a patch model of habitats in a mosaic of non-habitat areas, this research explored 
the application of graph theory to studying the connectivity of Metropolitan Melbourne for 
four target species.  
 
4.2 Target species 
As the target species for this multispecies study, four threatened fauna species inhabiting 
Metropolitan Melbourne, were selected. They are the Lace Monitor (Varanus varius), the 
Growling Grass Frog (Litoria raniformis), the Fat-tailed Dunnart (Sminthopsis 
crassicaudata) and the Southern Brown Bandicoot (Isoodon obesulus). The selection of these 
species was made based on specific criteria. All the species are native, all the species 
frequently occur in the study area, and there are overlaps in their spatial distributions. All the 
chosen species are considered to be a threatened species which are affected by a loss of 
connectivity in their network. The long-term viability of these species is dependent on how 
connected their habitat networks are in the study area. They were selected from different 
types of fauna taxonomic groups, with different ability and behaviour in dispersal, in order to 
reveal different aspects of movement by fauna species. Due to the special conservation status 
of these species, there is valuable information and expert assistance available regarding their 
dispersal and spatial ecology. 
4.2.1 Lace Monitor 
The Lace Monitor (Varanus varius) is a very large carnivorous, predatory lizard of the family 
varanidae, distributed along the east coast of Australia from Cape York Peninsula in 
Queensland to southern Victoria, and west to the New South Wales and South Australia 
border (Cogger et al., 1993). The lizard is assumed to be the second largest terrestrial 
carnivore in south eastern Australia (Weavers, 1988). The Lace Monitor has an elongated 
muscular body with a long, slender, lately compressed tail and a long slender snout (King and 
Green, 1999) (Figure  4.4). The lizard’s body is dark grey to dull bluish-black with frequent 
scattered cream spots forming spotted or solid bands (Wilson and Swan, 2003). The weight of 
the body can be up to 14 kg and the length ranges from 0.2 to more than 2 m (Weavers, 
1988). 
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Figure  4.4: The Lace Monitor; photography by Lauren Dodd, 2008. 
 
The Lace Monitor (Varanus varius) is a powerful diurnal lizard, active arboreal and terrestrial 
forager with the ability to climb large trees (Wilson and Swan, 2003). The Lace Monitor 
mates during the late spring and lays six to twelve eggs on termite mounds (Carter, 1992). 
Eight months later the hatchlings are born with a body length of about 308 mm and weighing 
about 23 g (Weavers, 1988). In terms of the longevity of the species, due to the large and 
long body of the lizard and the length of time it takes to reach its sexual maturity, Weavers 
(1988) suggests a life span of much more than 20 years and Clemann sets it at 40 years (N. 
Clemann, 2012, Pers. Comm). The Lace Monitor has a diet including arthropods, reptiles, 
amphibians, eggs, birds and small mammals (Weavers, 1989). 
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4.2.1.1 Habitat requirements  
Lace Monitors are found in well-timbered areas from dry woodlands to cool temperate 
southern forests (Wilson and Swan, 2003). The minimum viable size for the monitor’s habitat 
is considered to be 10 hectares (Guarino, 2002) and the minimum suitable width of habitat 
patch is set at 1000 metres (N. Clemann, 2011, Pers. Comm, July).  
4.2.1.2 Movement characteristics 
The movement pattern is influenced by factors such as the temperature of the environment, 
the reproductive state of the lizard and the availability of food and resources. However, it was 
found that generally the monitor has higher mobility in summer, intermediate in spring and 
autumn, and less in winter (Guarino, 2002). Radio-tracking of the monitors in New South 
Wales revealed that they start their daily activity by basking in sunny and shady areas. After 
achieving a suitable temperature some of the lizards move from their roost to the 
surroundings, with the possibility that an adult can move more than one kilometre per day 
(Guarino, 2002). 
4.2.1.3  Conservation Status 
According to the advisory list of threatened vertebrate fauna of the Victorian Government, 
the conservation status of the Lace Monitor is listed as ‘vulnerable’, that is, the species is 
considered to be facing a high risk of extinction in the medium-term future (Department of 
Sustainability and Environment, 2007a). The species appears to have declined in much of its 
range in Victoria with the exception of East Gippsland, where it still has a suitable condition 
(N. Clemann, 2012, Pers. Comm, September).  
 
4.2.2 Growling Grass Frog  
The Growling Grass Frog (Litoria raniformis) is a big frog formerly distributed throughout 
south eastern Australia, including Tasmania (Hero et al., 1991). The range and numbers of 
the frog have declined since the 1980s with the total disappearance of many populations 
(Department of Sustainability and Environment, 2007b). Habitat destruction, degradation and 
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fragmentation and severe drought are among the main reasons for extermination of species 
population (Heard, 2010). The life cycle of the frog is short with the longevity of only one or 
two breeding seasons (Heard et al., 2012) starting with larvae turning into free-swimming 
tadpoles with a length of less than 2 cm (Heard, 2010). During the metamorphosis period, the 
tadpoles progress to adult frogs. The growth of the frog after metamorphosis is extremely 
rapid over the first twelve weeks and sexual maturity can be attained in about 17 weeks of 
metamorphosis (Heard et al., 2012). The adult has a body length of up to 10 cm, with a 
“warty” back, the upper surface is “dark olive to bright emerald green or brown, usually with 
large blotches of brown, bronze or gold” (Department of Sustainability and Environment, 
2007b) (Figure  4.5). The Growling Grass Frog has a tendency to bask in mild, sunny 
conditions but often is most active at night (Heard et al., 2006). The major part of the frog’s 
food is obtained by preying in both the water and on land (Heard et al., 2008). 
 
 
Figure  4.5: The Growling Grass Frog; photography by Geoff Heard, February 2007. 
 
4.2.2.1 Habitat requirements 
The Growling Grass Frog generally inhabits permanent still or slow-flowing water bodies 
such as wetlands, streams, swamps, lagoons and their immediate surrounds (Heard, 2010; 
Hero et al., 1991; Wassens et al., 2010) (Figure  4.6). Habitat variables such as hydrology, 
number of layers of aquatic vegetation and water temperature are shown to be significant to 
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the presence of the frog (Wassens et al., 2010). For breeding purposes the Growling Grass 
Frog can temporarily use intermittent water bodies that are filled during inundation (Organ, 
2003). The frog also persists in artificial water bodies such as irrigation canals, rice growing 
bays, farm dams, and water treatment ponds (Heard et al., 2006; Wassens et al., 2007). It uses 
the terrestrial vegetation around the water bodies such as grass, sedges and rocks for foraging, 
dispersal and shelter over winter (Hamer et al., 2003; Organ et al., 2011). Emergent aquatic 
vegetation, floating aquatic vegetation and underground sites such as clay cracks are also the 
typical shelters of the species (Wassens et al., 2010).    
 
 
Figure  4.6: A typical habitat of the Growling Grass Frog; photography by Geoff Heard, 
January 2002. 
 
Heard (2010) studied the effective area of the habitat for the Growling Grass Frog as a 
function of size and permanence of the wetland. He found that in order to have an extinction 
probability of less than 0.2, a minimum size for the wetland should be approximately 1096 
square metres if the wetland is permanently to support the viability of the frog population and 
approximately 4000 square metres if the wetland is ephemeral (Heard, 2010).  Also, the 
minimum width of the habitat patch is set at 100 metres (G. Heard, Pers. Comm, July, 2011). 
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4.2.2.2 Movement characteristics 
The Growling Grass Frog is assumed to be a highly mobile species. Radio-tracking 
conducted by Wassens et al. (2010) showed a maximum movement of 212 metres over a 24 
hour period. Due to changes in the condition of habitats, such as in a hydrology system, 
flooding and drying of the water body, the Growling Grass Frog readily moves between 
water bodies (Department of Sustainability and Environment, 2011a). Compared to 
permanent water bodies, occupancy of ephemeral water bodies encourages the frogs to move 
further distances (Wassens, 2005). Wassens et al. (2010) also identified natural flooding as 
encouraging the dispersal of the Growling Grass Frog by facilitating its movement between 
permanent water bodies.  
The Growling Grass Frog primarily moves along drainage lines or other low-lying areas 
between water bodies (Department of Sustainability and Environment, 2011a). The 
availability of such corridors and the dispersal via them is known to be important for the 
persistence of the species (Department of Sustainability and Environment, 2011a; Hamer and 
Organ, 2008). A cluster of water bodies (within 700 m) is suggested in the fact sheet on the 
species, as a conservation strategy to allow the frog to move between sites as conditions 
change (Department of Sustainability and Environment, 2007b).  
4.2.2.3 Conservation status 
The Growling Grass Frog is historically recorded in most regions of Victoria (Hero et al., 
1991); however, the population has suffered from a dramatic decline since the 1980s 
(Department of Sustainability and Environment, 2007b; Organ et al., 2011). The Growling 
Grass Frog is considered ‘vulnerable’ at a national scale under the Environment Protection 
and Biodiversity Conservation Act 1999 (EPBC Act). A species is ‘vulnerable’ when it is not 
critically endangered, or endangered, but is facing a high risk of extinction in the wild in the 
medium-term future (Department of Sustainability and Environment, 2007a). The frog is 
listed as ‘endangered’ in the advisory list of Threatened Vertebrate Fauna in Victoria – 2007 
(Department of Sustainability and Environment, 2009a) and is listed as ‘threatened’ under the 
Victorian Flora and Fauna Guarantee Act 1988 (FFG Act).  
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According to the Department of Sustainability and Environment (Department of 
Sustainability and Environment, 2011a), within Metropolitan Melbourne there are still 
important populations living in areas such as Merri, Darebin and Kalkallo creeks and their 
tributaries (Department of Sustainability and Environment, 2011a) but the frog population is 
clearly fragmented (Heard, 2010). Hamer and Organ (2008) identified water bodies situated 
in close proximity to the creeks, and the Melbourne-Bairnsdale railway reserves, as high 
priority conservation areas for the Growling Grass Frog in the study area. 
The conservation of the Growling Grass Frog came to public attention through several news 
items emphasising the threats on the species and the need for appropriate conservation 
(Smith, 2012). Habitat fragmentation due to human activities is known to be one of the major 
causes of the decline in the Growling Grass Frog population (Hamer and McDonnell, 2010; 
Heard, 2010). Heard (2010) found a positive relation between the probability of colonisation 
of wetlands and connectivity between them. The close proximity of habitats and the 
availability of linkages between them has been highlighted as conservation strategies to 
improve the viability of the frog populations (Department of Sustainability and Environment, 
2011a; Hamer and Organ, 2008; Heard, 2010; Wassens, 2005). 
4.2.3 Fat-tailed Dunnart 
The Fat-tailed Dunnart (Sminthopsis crassicaudata) is a small mammal distributed in central 
and southern Australia. The body of the Fat-tailed Dunnart weighs between 10 to 20 grams, it 
has large ears and a “sharply pointed muzzle”, the upper part of the body is fawn and the 
underparts and feet are whitish (Menkhorst and Kenight, 2001). The taxon has a short, 
spindle-shaped, greyish tail with a length of 45 to 70 mm (Menkhorst and Kenight, 2001) 
(Figure  4.7). The Fat-tailed Dunnart is nocturnal. The species forages to find invertebrates in 
open spaces and shelters under logs or rocks in open shrublands. The species is insectivorous, 
eating invertebrates such as beetles, spiders and insect larvae (Frey, 1991). Breeding is 
seasonal and happens through the pouch (Menkhorst and Bennett, 1995). Females are able to 
live for up to 18 months while male longevity is rarely more than 15 months (Morton, 1976).   
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Figure  4.7: Fat-tailed Dunnart; photography by Peter Menkhorst, 2007. 
 
4.2.3.1 Habitat requirements 
The Fat-tailed Dunnart inhabits only lowland areas in the western half of Victoria (Menkhorst 
and Bennett, 1995). The species prefers open grassland habitats (Morton, 1976) such as 
tussock and hummock grassland and rough pasture (Menkhorst and Kenight, 2001). The Fat-
tailed Dunnart is absent in dense vegetation (Read, 1984). The species occurs in both arid and 
relatively moist environments (Morton, 1976). The occurrence of the species is associated 
with the availability of suitable nesting sites which are cavities under rocks and logs. Such 
nesting sites can be found in quiet agricultural lands or pastoral areas (Menkhorst and 
Bennett, 1995).  
4.2.3.2 Movement characteristics 
The Fat-tailed Dunnart is a mobile terrestrial forager. By conducting a mark-recapture study, 
Read (1984) reported a considerable displacement of the species between captures with the 
average displacement rate of up to one kilometre every seven weeks. In some cases the 
movement distance reached 400 m per day (Read, 1984). 
 
 
78 
 
4.2.3.3 Conservation status 
Populations of the Fat-tailed Dunnart still survive in unimproved pasture throughout the state 
of Victoria (Menkhorst and Bennett, 1995). However, intensive farming activities and 
removal of rocks and tree stumps is considered a threat to the survival of the species in the 
state (Menkhorst and Bennett, 1995). The Fat-tailed Dunnart is listed as ‘near threatened’ in 
the advisory list of Victoria (Department of Sustainability and Environment, 2007a). A taxon 
is ‘near threatened’ when it is not ‘critically endangered’, ‘endangered’ or ‘vulnerable’ now, 
but is close to being listed as a threatened category in the near future.  
4.2.4 Southern Brown Bandicoot 
The Southern Brown Bandicoot (Isoodon obesulus obesulus) is a ground-dwelling mammal 
distributed in southern South Australia, southern Victoria and eastern New South Wales 
(Paull, 2003). It is solitary and territorial (Menkhorst and Kenight, 2001). The species has a 
medium size and compact body, brown and black at the back and above, and creamy white or 
pale yellow underparts with a long, pointed snout, small eyes, short rounded ears barely 
extending above the crown, and a thin tail approximately half of the body length (Department 
of Sustainability and Environment, 2011b; Menkhorst and Kenight, 2001) (Figure  4.8). 
 
Figure  4.8: The Southern Brown Bandicoot; photography by Matt Stahmet 2011.  
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The Southern Brown Bandicoot is omnivorous and digs in topsoil searching for invertebrates, 
seeds and underground fungi (Menkhorst and Kenight, 2001). Its digging behaviour leaves 
conical pits in soil and lawns. Digging the topsoil by bandicoots is assumed important to 
ecosystem functioning (Garkaklis et al., 2000; Whitford and Kay, 1999). Bandicoots are 
seasonal breeders and females are able to breed seven month after their birth. In a good year 
each female may breed several times (Menkhorst and Bennett, 1995). The maximum 
longevity of both males and females was recorded as 3.5 years (Lobert and Lee, 1990). The 
high productivity of females and the high tendency to disperse from the place of birth by 
juveniles, means the species is able to colonise quickly in nearby suitable habitats (Menkhorst 
and Bennett, 1995). 
4.2.4.1 Habitat requirements  
In Victoria the species predominantly occupies coastal and fluviatile plains, and is rarely 
found more than 50 km from the coast (Menkhorst and Bennett, 1995). The Southern Brown 
Bandicoot has a distribution pattern which is disjunct and patchy across the state (Department 
of Sustainability and Environment, 2011b). The Cranbourne Botanic Gardens and surrounds 
is assumed to be an important area supporting the viability of the species in southern 
Melbourne (Department of Sustainability and Environment, 2011b). The Southern Brown 
Bandicoot inhabits heath, shrubland, heathy forest and woodland, and vegetation 
communities providing a thick ground cover with well-drained soils (Coates, 2008; Lobert 
and Lee, 1990; Menkhorst and Bennett, 1995). An essential habitat requirement for the 
species is a dense shrub understory such as seral vegetation with height of up to one metre to 
form a thick ground cover for the species to nest and hide from predatory threats such as 
foxes, cats and avian predators (Claridge and Barry, 2000). In the sub-regional strategy for 
the Southern Brown Bandicoot, 20 hectares or more is recommended as a suitable size to 
support the viability of the species in the urban and suburban landscape (Department of 
Sustainability and Environment, 2011b). Figure  4.9 shows a suitable habitat of the species 
along the drain at Koo Wee Rup. 
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Figure  4.9: Suitable habitat of the Southern Brown Bandicoot along the drain at Koo Wee 
Rup; photography by Sarah MacLagan; September 2012. 
 
4.2.4.2 Movement characteristics 
The Southern Brown Bandicoot is mostly nocturnal but can be diurnal in the absence of 
predators (Menkhorst and Kenight, 2001). By applying a method designed by Bowman et al. 
(2002), it was found that the median dispersal distance varied between 0.49 and 1.57 km and 
the maximum from 2.83 to 8.94 km  for the species (Department of Sustainability and 
Environment, 2011b). The Bowman et al. (2002) method predicts the mean and maximum 
dispersal distance as a function of home range size. The Southern Brown Bandicoot is able to 
cross gaps of 50 metres in open spaces as long as the area is free from predatory species (T. 
Coats, Pers. Comm). The most suitable width for structural corridors to be established is 350 
metres (Department of Sustainability and Environment, 2011b). 
4.2.4.3 Conservation status 
The Southern Brown Bandicoot is categorised as ‘near threatened’ in the Advisory List of 
Threatened Vertebrate Fauna in Victoria – 2007 (Department of Sustainability and 
Environment, 2009a). A species is ‘near threatened’ when it is not characterised as ‘critically 
endangered’, ‘endangered’ or ‘vulnerable’ at the moment, but is close to being classified in 
those categories in the near future (Department of Sustainability and Environment, 2009a). 
81 
 
The national conservation status of the species under the Environment Protection and 
Biodiversity Conservation Act 1999 (EPBC Act)  is ‘endangered’. A taxon is 
‘endangered’ when it is not ‘critically endangered’ but is facing a very high risk of extinction 
in the wild in the near future (Department of Sustainability and Environment, 2009a).  
In the last 30 years the Southern Brown Bandicoot has suffered from significant range 
restriction within the south central area so that in the last 15 years the species population in 
several locations has become locally extinct within the region’s western half (Coates, 2008). 
The Southern Brown Bandicoot has disappeared from areas of intensive agricultural or urban 
development (Menkhorst and Bennett, 1995). Habitat loss as the result of urbanisation, 
mortality due to the predation by foxes, cats and dogs in isolated populations, and fire, are the 
main threats to the species causing decline in their population (Coates, 2008; Department of 
Sustainability and Environment, 2011b; Lechner, 2006). As a strategy to improve its 
conservation status in Melbourne, the necessity of a habitat connectivity is highlighted in 
several studies (Department of Sustainability and Environment, 2011b). Table  4.1 provides 
an overview of the spatial ecology of the target species. 
 
Table  4.1 Overview of movement abilities and habitat requirements of the target species. 
Species Common 
Name 
Scientific Name Maximum 
Dispersal Distance 
(metres) 
Minimum viable 
size of the habitat 
(hectares) 
Suitable width of 
the corridor 
(metres) 
     
Lace Monitor Varanus varius 7500 10 1000 
Growling Grass 
Frog 
Litoria raniformis 400 0.4 100 
Fat-tailed Dunnart Sminthopsis 
crassicaudata 
1000 20 500 
Southern Brown 
Bandicoot 
Isoodon obesulus 
obesulus 
1000 20 350 
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4.3 Input data: potential habitat maps 
To model the connectivity of habitats for the four target species using graph theory, four GIS 
layers of the most suitable habitats across the study area were required, one for each of the 
target species. The most suitable habitat maps for the species predicted the spatial distribution 
and extent of suitable patches across the study area. The most suitable habitats are the areas 
which support the species and are either occupied by the species or have the potential to be 
occupied by them due to the availability of resources and appropriate vegetation and 
environment (Wintle et al., 2005). Connectivity between these habitat patches is important to 
facilitate the dispersal of the species across the study area. 
The habitat maps for the target species for this study were prepared from data provided for a 
conservation zoning analysis conducted by Gordon et al. (2009) in the same study area. As 
part of their study, Gordon et al. (2009) produced habitat maps for a number of rare or 
threatened fauna species. The habitat maps were produced using an expert-based process in 
which the potential habitats for each species were derived from a survey of expert opinions 
seeking to find out “What land uses, vegetation type and/or wetland types are defined by the 
available spatial data, would never comprise habitat for this species?” (Gordon et al., 2009). 
The result of the process was a set of raster maps which were classified as habitat or non-
habitat using a 20*20 metre pixel size (Figure  4.10). These maps were found to be suitable 
for the objective of this study and the application of graph theory because firstly they cover 
the extent of the study area, and secondly the maps were developed from the same method 
which can avoid potential uncertainties associated with the application of different methods 
and approaches. Therefore, there is an expectation that less uncertainty would be achieved by 
incorporating those habitat maps in this comparative analysis. 
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Figure  4.10: The distribution of potential habitats across the study area for (a) the Lace 
Monitor (b) the Growling Grass Frog (c) the Fat-tailed Dunnart (d) the Southern Brown 
Bandicoot. 
 
4.3.1 Modification of the potential habitat maps 
There were a number of modifications made using ESRI ArcGIS (version 9.3.1 & 10) to 
prepare the input habitat maps for the purpose of this analysis. The modifications include the 
correction of the raster spatial references and the delineation of separate habitat patches in the 
raster. The projection was defined for the rasters as GDA_1994_MGA_Zone_55. The extent 
of each habitat map was adjusted by shifting the rasters 111.889 degrees to the east and 
184.559 degrees to the north in order to overlap properly with the fundamental GIS vector 
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layers such as ‘VicMap transport’ and ‘VicMap Hydrology’ for later analysis and 
interpretation.  
As all habitat patches in each dataset had the same value, the nearest neighbour algorithm 
was used to delineate distinct habitat patches which were suitable for patch analysis of 
connectivity. Based on the nearest neighbour algorithm, a patch refers to a group of raster 
cells connected in any eight directions
1
. As the result for each habitat map, a set of separate 
patches with different values was generated. The value of the patches is referred to by their 
identity (patch id) from now on in this study.  
Due to the characteristics of input layers and the method applied to model the most suitable 
habitats for the species, the resulting habitat patches were complex in their shape and size 
(Figure  4.11). For example, the habitat patches of the Dunnart are large and compact with lots 
of perforations which is less complicated in terms of shape, whereas the habitat patches of the 
Lace Monitor has an elongated linear shape which would be difficult to serve as a long-term 
habitat for the species. The habitat map for the Growling Grass Frog was developed by 
buffering 250 metres around the water bodies and wetlands which resulted in soft and smooth 
borders of long patches with a good width to support the species. This made it difficult to 
differentiate whether a certain patch serves ecologically as habitat, corridor or stepping stone. 
Moreover, given the fact that any habitat patch can be important to species viability without 
regard to its size and shape, it was decided to assume all the habitat patches as habitat and 
stepping stones by setting no threshold for the size and shape of the patches.  
                                                 
1
 Using Region Group function of ESRI ArcGIS (version 9.3.1) 
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Figure  4.11: The complexity of shape in habitat patches of target species: (a) is a habitat 
patch for the Southern Brown Bandicoot in the southern part of the study area and (b) shows 
a habitat patch of the Lace Monitor in the eastern part. 
 
Further amendment of the habitat maps was conducted by excluding the highly resistant areas 
from the habitat patches. It was explained in Section 4.3 that the habitat potential maps were 
based only on a simple protocol of habitat requirement by asking the question, “What land 
uses, vegetation type and/or wetland types as defined by the available spatial data, would 
never comprise habitat for this species?” (Gordon et al., 2009). This method resulted in some 
cases where the habitat patches overlapped with highly resistant land uses such as industrial 
zones, residential zones, or highly resistant infrastructures such as freeways and highways 
(Figure  4.12). By simply visually investigating the maps, it was clear that some of the urban 
land uses that occurred in the habitat patches impede the species movement in its habitat and 
break the patch into multiple disconnected sub-patches. To better differentiate habitat patches 
from the inhospitable matrix and make them applicable for this study, the highly impeding 
landscape elements to the species movement such as certain land uses and infrastructures, 
were excluded from the habitat maps. This required a better understanding of the landscape 
resistance to the movement of each target species and this was achieved by developing a 
resistance layer for each species. This is the subject of the next chapter.  
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Figure  4.12: The geographical location of habitat patches of the Fat-tailed Dunnart in relation 
to highly resistant areas: habitat patches overlap with urbanised lands such as roads, industrial 
and residential uses.  
 
4.4 Summary 
The study area for this study, Metropolitan Melbourne, is a case study area in which habitats 
and reserves have been highly modified due to the urbanisation trend since the 1880s. Despite 
the ecological values existing in the city, the biodiversity of Melbourne is in decline and 
needs extensive attention. To perform the multispecies approach, four native threatened 
species were selected based on criteria such as the frequency of occurrences in the study area 
and the overlap in their spatial distribution. They are the Lace Monitor (Varanus varius), the 
Growling Grass Frog (Litoria raniformis), the Fat-tailed Dunnart (Sminthopsis 
crassicaudata) and the Southern Brown Bandicoot (Isoodon obesulus). The life cycle, habitat 
requirements, movement characteristics and their conservation status were reviewed. All the 
species are terrestrial and mobile but have different habitat requirements and movement 
ability, suggesting they each have distinct habitat networks in the study area making them 
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suitable for the purpose of this study. For the target species four potential habitat maps were 
borrowed from other studies, each with a GIS raster layer of 20 m by 20 m cell size. The 
habitat maps were modified by adjusting their spatial references and assigning different 
values to each of the habitat patches by using the nearest neighbour algorithm. Further 
modification to the habitat maps was conducted by removing the highly resistant areas from 
the habitat patches. This procedure is explained in the next chapter, where the construction of 
a specific network for each of the species, and the connectivity analysis of the quantified 
habitat networks, are explained extensively. 
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Chapter 5. Assessment of habitat connectivity 
for target species 
 
Chapters 2, 3 and 4 extensively discussed the fundamentals of this research through the 
literature review, theory and method, and the case study. Section 3.5 indicated that there were 
three analytical stages involved in this research. They are assessment of habitat connectivity 
for each target species, sensitivity analysis of species-specific results, and multispecies 
analysis of connectivity by combining the species-specific results. This chapter discusses the 
steps involved in the first stage of analysis which are as follows: 
1. Determining the habitat networks for each of the target species within Metropolitan 
Melbourne (e.g. development of the resistance layer; modification of the input habitat 
maps; construction of networks). 
2. Assessing connectivity of species habitat networks (for four species) to identify the 
critical habitats for maintaining connectivity using a sub-set of graph-based metrics 
that were discussed in Section 3.3. 
3. Identifying the gaps within the networks as potential zones suitable for enhancing the 
connectivity of the landscape specific to each of the target species. 
The analysis in this chapter will result in identifying and mapping those habitats that are 
critical for maintaining connectivity and the areas within the landscape that have potential for 
enhancement and restoration of connectivity, specific for each target species within 
Metropolitan Melbourne. These species-specific layers are suitable input data to be employed 
in multispecies assessments of connectivity which will be presented in Chapter 7. 
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5.1 Determining the habitat networks for each of the target 
species  
Within Metropolitan Melbourne the habitat networks for the four target species were 
determined by construction of undirected and weighted networks in a GIS environment. Due 
to the differences in the habitat requirement and movement ability of the target species, each 
species has a specific network comprised of two GIS layers: one for the nodes and one for the 
links (see Section 3.5.3). Nodes represent the geographical location of species habitats and 
links represent the topological relationship between the habitats. Links are weighted by 
effective distance (cwdist) between pairs of habitat patches (see Sections 2.2.3 and 2.3.3 for 
explanation on effective distance) to reflect the heterogeneity of the structure of the urban 
landscape and the movement responses of the species to the landscape structure.  
The approved method for determining the effective distance between habitat patches is least-
cost modelling (see Sections 2.3.3 & 2.4). Although least-cost modelling is not the best 
option for connectivity assessment (see Section 2.3.3 for reasons and for more explanation 
see also Moilanen, 2011; Urban et al., 2009), it has the best documented algorithm that is 
most readily available in computationally robust software packages. To conduct least-cost 
modelling, a specific resistance layer (see Section 2.2.3 for definition) is required for each 
target species. Once the resistance layer is developed, the input habitat maps are modified by 
excluding the highly resistant areas from the maps. The revised habitat maps are then 
processed to construct the nodes and weighted links by cwdist.  
At the initial stage of this research project, during the process of construction of the network 
and derivation of the nodes and links, nodes of the network were constructed using two 
specific algorithms of ‘Resilient Centroid Model’ and ‘Maximum Distance to Edge 
Algorithm’ (see Appendix A for definition and explanations) which resulted in the generation 
of several nodes per habitat patch. Later in the analysis it was found that rather than 
generating several nodes per patch, generating a single node per patch and then weighting the 
links by edge-to-edge distance was still valid and would be computationally more effective in 
order to construct the species networks. Therefore the first approach was applied and was 
continued to the end of the study. However, given the thorough application of the first 
method and the valuable results achieved, which was published as a peer-reviewed 
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conference paper (Poodat et al., 2011), the applied method is presented in Appendix A of this 
manuscript in the same format as that presented to the conference.  
5.1.1 Development of resistance layers 
There is no single approach for the development of resistance layers but in general it has been 
determined that the application of ‘multivariate surfaces’ enhances the accuracy of results 
(Spear et al., 2010). Four landscape attributes were selected that were expected to influence 
the movement of the target species within Metropolitan Melbourne. These included transport 
facilities (roads and train lines), native vegetation classes, hydrology (e.g. lakes, rivers and 
dams) and land use types. The slope and elevation of the landscape were considered 
negligible within the gently undulating landscape of Melbourne. Spatial datasets for each of 
the landscape attributes were prepared and their spatial references and extent were amended 
to adapt the input habitat maps. All the spatial experiments were conducted by using ArcGIS 
9.3.1 and ArcGIS 10. Seven vector layers were provided as listed below and their attribute 
classes are documented in Appendix B. 
 tr_road layer, VICMAP TRANSPORT (Spatial Information Infrastructure, 2006) 
 tr_rail layer, VICMAP TRANSPORT (Spatial Information Infrastructure, 2006) 
 hy_water_area layer, VICMAP HYDROLOGY (Spatial Information Infrastructure, 
2011) 
 hy_water_point layer, VICMAP HYDROLOGY (Spatial Information Infrastructure, 
2011) 
 hy_water_course layer, VICMAP HYDROLOGY (Spatial Information Infrastructure, 
2011) 
 VLUIS2009 (Victorian Department of Primary Industries, 2009) 
 NV2005_EVCBCS (Victorian Department of Sustainability and Environment, 2008)  
 
Given the lack of suitable field data on the movement ability of the target species in the 
matrix of non-habitat areas, local experts specialising in each target species were invited to 
contribute to the development of the resistance layers and rank the landscape attribute classes 
in terms of their resistance to species movement. One expert was consulted for each of the 
target species. The experts were specialized zoologist employed by governmental authorities 
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and universities such as the University of Melbourne, Arthur Rylah Institutes and The Royal 
Botanical Gardens. Each of experts had experienced several projects and undertaken many 
researches on the target species for years and were well familiar with the spatial ecology and 
life and the actual location of the specific target species.  
A questionnaire was designed based on the spatial datasets and their attribute classes 
(Appendix C). The resistance of the landscape was parameterised into five ranking categories 
as ‘very low resistance’, ‘low resistance’, ‘medium resistance’, ‘high resistance’, and 
‘absolute resistance’. Experts were asked to rank the attribute classes in terms of their 
resistance to the movement of the target species, by selecting the most relevant resistance 
ranking. They considered the movement behaviour of that species and risk of mortality rather 
than species habitat selection behaviour, in order to rank the landscape attributes. For each 
species one questionnaire was completed by the expert. 
In the absence of a meaningful biological measure to estimate resistance values in the 
resistance layer, the common scale of resistance values between 1 to 100, as explained by 
Beier et al. (2008), was adopted. For each landscape attribute, the resistance ranks were 
quantified by using a set of resistance values with equal intervals of ‘1, 25, 50, 75, 100’, 
where ‘1’ indicates ‘very low resistance’ and ‘100’ indicates ‘absolute resistance’. The 
associated vector layers of the spatial attribute classes were converted to rasters and the 
attribute classes of the rasters were reclassified
2
 by the resistance values as ranked by the 
experts. As a result of this process a raster layer was generated for each of the attribute layers 
in which each pixel has a resistance value showing the resistance of the landscape for the 
movement of the specific species related to that area. Each raster was geo-referenced to the 
input habitat maps and was of the same cell size of 20 by 20 metres. The ‘no data’ segments 
of the original dataset were treated as ‘no data’ in the development of the rasters. 
The quantified rasters of the landscape attributes were then overlaid in order to produce the 
final resistance layer. The common approach to assigning the resistance values to the final 
layer is based on a cell by cell analysis in which the resultant resistance value in each cell was 
                                                 
2
 Using reclassify function of ArcGIS. 
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the mathematical summation of the resistance values
3
 in the overlaid rasters in that specific 
cell (Equation 5.1).  
                       ∑                                               (Equation  5.1) 
where each layer is the quantified raster map from each landscape attribute and the Final 
resistance value refers to the value assigned to the pixels of the final resistance layer.  
However, this study applied a different approach to combining the resistance rasters, whereby 
a cell by cell analysis was undertaken where the maximum resistance value in each raster 
pixel was selected for the final resistance layer
4
. The process is indexed in Equation  5.2. 
                                                               (Equation  5.2)  
Taking the maximum value in the final resistance layer, instead of mathematically adding the 
values, was due to avoiding over-quantification of the same entity. In fact, in the ranking 
process, there was a substantial overlap between the landscape attributes. For example, road 
features are associated with land use classes in the GIS maps of the study area; native 
vegetation features partly belong to land use classes such as national parks and reserves; and 
tramways are associated with roads in Melbourne. Therefore, by adding the resistance values 
of each landscape attribute, the same landscape component would be quantified more than 
once. By taking the maximum value of the overlaid attribute rasters in each cell and assigning 
it to the final raster, the final resistance layer was developed for each of the target species. 
The resultant resistance layer was a GIS raster in which the resistance values ranged between 
1, referring to least resistant areas of the landscape, and 100, referring to absolute resistance 
areas.  
5.1.2 Modification of habitat maps  
Section 4.3.1 indicated that the input habitat maps required further modification by excluding 
‘high resistance’ and ‘absolute resistance’ areas from the habitat patches. Therefore, the 
habitat maps were modified according to the species resistance layers developed in the last 
                                                 
3
 Using raster calculator function of ArcGIS. 
4
 Using cell statistics function of ArcGIS. 
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section by overlaying the species habitat maps on the species resistance layer. Those parts of 
the habitat patches that overlapped with the ‘medium’, ‘low’, or ‘very low’ resistance areas 
(resistance value less than ‘75’) were selected and the rest were eliminated from the habitat 
patches
5
 (Figure  5.1). Then district habitat patches for species habitat maps were defined 
according to the ‘Nearest Neighbour Algorithm’ by assigning any group of pixels that were 
connected together in any of the eight directions, a single patch identity (patch id)
6
. The 
resultant habitat maps were now adjusted and became suitable for employment in the next 
stage of analysis: construction of networks. 
  
 
 
Figure  5.1 Steps to modify the input habitat maps: (a) selected part of habitats of the 
Growling Grass Frog (b) overlay of habitat maps with the resistance layer to identify those 
areas that are high to absolute resistance (c) the remaining habitat patches after the 
elimination of the high and absolute resistance areas. 
 
 
                                                 
5
 Using extract by mask function and extract by value function of ArcGIS. 
6
 Using region group function and dissolve function of ArcGIS. 
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5.1.3 Construction of species networks 
Using graph theory and least-cost modelling, habitat networks were modelled for the four 
target species in Metropolitan Melbourne as four undirected weighted networks in a GIS 
environment. The construction of the species network was broken into two steps: the 
development of links, followed by the development of nodes. As the first step, in order to 
develop the links, the Linkage Mapper extension for ArcGIS was utilised (McRae and 
Kavanagh, 2011). The software was developed to automate mapping of wildlife habitat 
corridors. As part of its process, the software generates the links of the networks which are 
weighted by edge-to-edge effective distances (cwdist) between pairs of habitat patches. The 
software calculates the effective distances by modelling the least-cost paths. Linkage Mapper 
has a robust algorithm in which least-cost paths between thousands of nodes can be 
generated.  
Through several steps of process in Linkage Mapper, the software developed a specific link 
layer for each target species based on the species habitat map and the resistance layer. The 
steps involved in the construction of the links are illustrated in Figure  5.2 for the Lace 
Monitor, and an identical process was used for the other three target species. The software 
established the topological relationship between habitat patches by linking each habitat patch 
to its adjacent habitats. The adjacent patches were defined by the software as the pairs that 
have touching allocation zone boundaries
7
 and the allocation zones were developed by 
allocating each pixel of the map to its nearest habitat patches (McRae and Kavanagh, 2011). 
Once the links were generated, the Linkage Mapper weighted the links by the corresponding 
Euclidean distance. The Euclidean distance was calculated from the edge of each habitat 
patch to the edge of the adjacent patch thereby capturing a more realistic understanding of 
connectivity between large and close habitat neighbours. Then the software processed the 
least-cost paths between those patches that were closer than the adjusted threshold of the 
Euclidean distance. Once again then the links were weighted according to effective distance 
(cwdist) along the least-cost path between the two habitats.  
                                                 
7
 Using the ArcGIS Cost Allocation and Euclidean Allocation functions of ArcGIS 
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Figure  5.2 The steps used for constructing the graph-based connectivity model for the Lace 
Monitor: (a) the resistance layer (b) the generation of a link network weighted by Euclidean 
distance (c) the generation of least-cost paths based on the resistance layer and habitat 
patches for the species and (d) weighting the link by the cwdist of associated LCP.  
 
Setting the maximum Euclidean distance that the target species can disperse was complex 
due to the fact that precise distances for biological populations are virtually always unknown 
(Bunn et al., 2000). Nevertheless, by consulting the literature and experts, the maximum 
dispersal distances for the species was set according to Table  5.1. The dispersal distances are 
estimated lifetime means where there is the expectation that the species move that distance in 
a lifetime.  
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Table  5.1 Maximum dispersal abilities of the target species 
Target species Maximum dispersal ability (metres) 
Lace Monitor 7500  
Growling Grass Frog 400  
Fat-tailed Dunnart 1000 
Southern Brown Bandicoot 1000 
 
After running the process several times in Linkage Mapper, and by using high performance 
computers, it was found that the least-cost modelling for the extent of the study area was 
computationally a ‘bottleneck’ and the software could not process the LCPs based on the 
pixel size of 20 metres by 20 metres. Therefore a threshold was set on the pixel size of the 
resistance layers and the habitat maps in order to get the results from Linkage Mapper. The 
initial pixel size of the resistance layers and the habitat maps were enlarged by aggregating
8
 
every nine pixels to form a larger pixel of a side length of 60 metres and if they were not at 
least nine, they were eliminated. The new pixel size allowed computational runs to be made 
in the ArcGIS environment on the most powerful computers available for the research. The 
reason for picking a side length of 60 metres for the pixels was that for all the target species 
of this study, the minimum width of a suitable corridor, and the minimum viable size of 
potential habitats were not influenced by the new pixel size of 60 by 60 metres. Therefore it 
is assumed that none of the suitable width corridors, or habitats of suitable size, were 
eliminated through the aggregation. Furthermore, in order to allow computational runs, one 
more threshold was adjusted for each of the runs for the maximum cwdist beyond which the 
LCP would not be generated by the software. This threshold was significantly greater than 
the actual maximum cwdist providing confidence that it would be rare to have a dispersal 
more than the threshold. This threshold was termed the T threshold. The T threshold was 
different for each species.  
                                                 
8
 Using the aggregate function of ArcGIS and by adjusting the ‘cell factor’ to ‘3’ and algorithm to the 
‘maximum’ to assign the maximum value of the group of the smallest pixels, to the larger pixel. 
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In step two, the nodes for the networks were generated at the two ends of each resultant link
9
. 
Therefore, each habitat patch was represented by a single node (Figure  5.3). The identity of 
each habitat patch was assigned to nodes corresponding to the habitat patch. Using these 
nodes and links that were weighted by effective distances (cwdist), the initial networks were 
constructed in ArcGIS, to be analysed by graph measurements that are explained in the next 
section.  
  
Figure  5.3 Nodes represent the geographic centroid of habitat patches (a) species suitable 
habitats (b) nodes for the species network. 
 
5.2 Measuring the connectivity of species habitat networks 
The next step towards the connectivity assessment is the application of connectivity measures 
in order to determine: 1) the degree of connectivity between species habitats, 2) connectivity 
of the entire network, and 3) the importance of nodes in the network connectivity. In Section 
3.3, the topological and ecological graph-based metrics were explained extensively and, 
based on that review, specific graph-based metrics at the network and network element scales 
were selected to be applied in each step of connectivity measurement (see Sections 3.3.1 and 
3.3.2 for definition of the scales).   
 
                                                 
9
 Using the network function of ArcGIS. 
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5.2.1 Weighting the Links 
Section 3.3.1 discussed that the possibility of species dispersal between its habitats shows to 
which degree habitat patches are functionally connected for dispersal of that particular 
species. Therefore, in order to measure the connectivity between pairs of habitats, links of the 
network were weighted by both probability of dispersal (   ) (Hanski, 1994, 1997) and 
dispersal flux (      ) (Urban and Keitt, 2001) in this study
10
. Weights of the links in both 
cases were later used to investigate the significance of the habitat patches (see Section 5.1.3). 
The method that was used to calculate the metrics is explained below.  
In Section 3.3.1, it was discussed that the probability of dispersal is defined as an exponential 
decay function of effective distance as indexed in Equation 5.3.       
                           (Equation  5.3) 
  
where          refers to the cwdist along the least-cost path between patch i and j (see 
Section 5.1.3) and k is a species-specific constant. Given the lack of field data to estimate the 
probability of dispersal of each species along different effective distances, k was picked from 
the tail of the plot of     using the assumption that the probability of dispersal tends to zero 
when cwdist approaches its maximum value
11
 (Bunn et al., 2000; Saura et al., 2011; Urban 
and Keitt, 2001) (Equation 5.4).The value of      ranges between 0 and 1 and the value of 
cwdist ranges between 0 and maximum cwdist. 
{
                                                 
                                      
      (Equation  5.4) 
 
                                                 
10
 Using ArcGIS. 
11
 The graph of the function     was sketched using the MAPEL software.  
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Figure  5.4 The probability of dispersal tends to zero when the effective distance tends to its 
maximum. Constant k is then estimated as the slope of the plotted graph. 
 
Calculating the probability of dispersal along the links that are weighted by effective 
distances required knowledge of the maximum effective distance (cwdist) for each target 
species. Determining the maximum value of effective distance was challenging for this study. 
There was no logical relation between the resultant cwdist across the LCP and the probability 
of dispersal in the actual landscape where the LCP was occurring. In addition, the data from 
empirical studies on movement ability of the target species in the non-habitat areas, and 
across different types of land cover and land uses, was lacking. Therefore, once again experts 
were asked to contribute by completing the second questionnaire survey (see Appendix E). 
They were asked about the maximum distance the target species can move in each resistance 
class by presenting some examples for each class as they ranked them in the first 
questionnaire. They were asked to give a bound to their prediction as well as a best estimate. 
The maximum effective distance was then calculated based on the experts’ lower bound 
predictions in order to avoid any overestimation of the connectivity status of the urban 
landscape for each species. For each resistance category maximum effective distance was 
calculated by multiplying the resistance value of the category by the maximum distance 
predicted by the experts for that category. The results were then summed by 85 as the 
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maximum distance the LCP would enter inside the habitat patches as the result of the 
algorithm of least-cost modelling with ArcGIS.  
Not surprisingly, the experts’ predictions resulted in different values for the maximum 
effective distance in each resistance class. The maximum effective distances for the three 
resistance classes of low, medium and high, were averaged based on the fact that the majority 
of the dispersal of the target species in the urban landscape is within those resistance classes. 
Therefore the maximum effective distance was set for each target species and the thresholds 
were used to estimate k for each species. Table  5.2 shows the maximum effective distance 
(cwdist) that was set for each target species as well as the constant k that was calculated 
accordingly.  
 
Table  5.2 Maximum dispersal abilities of the target species: Constant k was estimated 
accordingly. 
Target species Maximum Euclidean distance Maximum effective distance k 
Lace Monitor 7500 m 87,585 0.00006 
Growling Grass Frog 400 m 4,251.66 0.001 
Fat-tailed Dunnart 1000m 12,163.33 0.00035 
Southern Brown Bandicoot 1000m 4,251.66 0.001 
 
Given the computation restriction and setting of the T threshold, the metric of probability of 
dispersal was calculated only for links that were active in species networks. Active links are 
those links of the networks that are actively contributing to the dispersal of the target species. 
Two criteria were set for the choice of active links (Equation 5.5). First, the length of the 
least-cost path associated with each link was required to be below the maximum dispersal 
distance of the species as mentioned above (Table  5.1). Second, there should be a chance of 
successful dispersal along the link, meaning that the associated effective distance was 
required to be less than the species maximum effective distance. The active links were then 
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weighted according to their value of      and for the rest of the links,      was assigned to zero 
for the links that were not active. 
                  {
                                          
                        
   (Equation  5.5) 
 
Dispersal flux (      ) was the other metric that was applied to weigh the links of species 
networks. Dispersal flux refers to the amount of biological dispersals between the habitats 
which is also a suitable metric for assessing inter-patch connectivity. As explained in Section 
3.3.1, for this study the index of dispersal        was modified and indexed as Equation 5.6. 
                          (Equation  5.6) 
where    and    refer to the area of the habitat patches and     refers to the probability of 
dispersal between the habitats.  
5.2.2 Measuring the connectivity of the network 
Metric C was applied at the network scale to assess the connectivity of the entire network 
(see Section 3.3.1). Metric C was defined as the total of inter-patch connectivity (dispersal 
flux along the links of the species network) as well as the intra-patch connectivity and is 
indexed accordingly as Equation 5.7. 
       ∑ ∑   
 
 
 
                         (Equation  5.7) 
where        is the connectivity of the species network, a refers to the area of the individual 
patches i and j and     is the probability of dispersal between a pair of patches, i and j which 
reflects the inter-patch connectivity (Equation 5.3). The probability of dispersal within each 
habitat patch is considered to be one         which refers to the ease of movement for the 
species within its suitable habitat and this acknowledges the intra-patch connectivity (see 
Section 2.2.5 for definition). 
Once the connectivity of the species networks was calculated by using the metric C, then the 
percentage of connectivity of the networks (  ) was also calculated. The percentage of 
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network connectivity provides an insight into the proportion of the landscape which is 
already connected for the given species in comparison to the highest capacity of the 
landscape structure to facilitate the dispersal of the species. Furthermore, the percentage of 
network connectivity enables a comparative analysis of the degree of connectivity of the 
study area relevant to the four target species. The percentage of network connectivity is 
indexed as Equation 5.8.  
                 ⁄           (Equation  5.8) 
where        is the connectivity of the species network as calculated by Equation 5.7 and 
         refers to the connectivity of the species network in the best case when the network is 
perfectly connected. In this ideal case, the target species has an absolute chance of successful 
dispersal through all adjacent patches by having a probability of dispersal of one along all the 
links of the network (     ). The percentage of network connectivity was then investigated 
for each species and the proportions which refer to inter-patch connectivity and to intra-patch 
connectivity were determined and compared between the target species.  
5.2.3 Ranking the nodes 
This section aims to establish the least set of metrics that are able to provide useful 
information on the significance of habitat patches in species habitat connectivity. The results 
of the application of a suitable set of metrics were employed in a multispecies step of 
connectivity analysis that will be explained in Chapter 7. The significance of nodes was 
determined by applying four different metrics as indicated in Section 3.3.2. They are 
requirement (  ), node removal algorithm (  ), degree centrality (DC) and betweenness 
centrality (BC) (see Section 6.1.2.1 for further explanation). The four metrics were applied on 
species networks in order to calculate the significance of nodes in connectivity of the 
networks. Nodes of the networks were then weighted based on their significance for 
connectivity and then they were ranked and prioritised according to their significance. The 
top ranked nodes are those that are more critical for connectivity of species habitats and so 
are priorities for conservation and maintenance of landscape connectivity relevant to that 
specific target species.   
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The weights of the nodes resulting from the application of the four metrics were compared in 
terms of the ranks that were assigned to the nodes in a given network. The correlation of the 
nodes’ ranking was analysed statistically12 seeking a similarity of results between different 
prioritisation approaches. Based on the results of the statistical analysis, those metrics that 
revealed distinct information on the significance of habitats in terms of the contribution of 
nodes to the overall connectivity and to the traversability of the network were determined. 
The weights of the nodes were assigned to the associated habitat patches of the target species 
and the geographical location of high rank habitat patches (top 20 percent) were identified in 
relation to the Urban Growth Boundary and Local Government Areas
13
. 
5.2.3.1 Connectivity metrics for weighting the nodes 
In Section 3.3.2 the four connectivity metrics for weighting the nodes were explained. The 
four metrics are requirement (  ), node removal algorithm (  ), degree centrality (DC) and 
betweenness centrality (BC). In this section they are briefly defined and their application on 
species weighted networks are explained: 
• Requirement is defined as the sum of the quality-weighted area of all the nodes in the 
network (Urban and Keitt, 2001). For identifying the importance of the individual 
nodes in this study Requirement (  ) is equalled as the area of associated habitat 
patches and is indexed as Equation 5.9. 
              (Equation  5.9) 
 
• The node removal algorithm  (Keitt et al., 1997) was applied to reveal the 
contribution of nodes and hence the corresponding habitat in the total connectivity of 
the landscape. Based on this measure, each node, and its attached links, was removed 
from the graph model on an individual basis and then metric C was calculated without 
                                                 
12
 Using the Spearman’s Rank Correlation Coefficient in Minitab 15 statistical software package. 
13
 Using ArcGIS. 
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that node
14
. The contribution of each node in the connectivity of the species network 
was then calculated by using metric Delta C as indexed in Equation 5.10. 
   
               
 
          (Equation  5.10) 
 
where     refers to the contribution of each node in connectivity of the network. 
Metric        refers to the connectivity of the network and          refers to the 
connectivity of the network after removal of a given node. 
 
• Degree centrality (DC) is another centrality metric selected to apply to nodes to 
reveal their significance for connectivity. Degree centrality of node i is defined as the 
number of links attached to node i (Estrada and Bodin, 2008). This study applied 
metric DC on the species weighted network by influencing both the number of links 
attached to given nodes and the weights of those links to estimate the degree centrality 
of the node (Opsahl et al., 2010)
15
. This provided a more realistic estimation of how 
the position of a given habitat is central to biological dispersal. Metric DC was 
calculated for both cases when the species networks were weighted by probability of 
dispersal (Equation 5.3) and were weighted by dispersal flux (Equation 5.6). 
 
• Betweenness centrality (BC) is the fourth metric that was applied to identify the 
contribution of each node to traversability of networks (Bodin and Norberg, 2007). 
Betweenness centrality is defined as the proportion of shortest paths between pairs of 
nodes which includes through a node k to all shortest paths between pairs of nodes 
(Equation 5.11). Similar to metric DC, betweenness centrality was calculated for the 
                                                 
14
 Using ArcGIS and Microsoft Excel. 
15
 Using tnet package of R software by setting the variable α to 0.5 (Opsahl et al., 2010). α is a tuning parameter 
to allow the calculation of links weights as well as their number. When α is equalled to 0, the calculation of 
metric is solely based on the topological position of the nodes and the number of adjacent nodes. When α is 
equalled to 1, then the calculation of metric is solely based on the weights of links attached to the given node 
and the number of adjacent nodes is disregarded. By setting α to 0.5 in the package, the calculation of the metric 
is equally influenced by both the topological position of nodes and the weights of links (Opsahl et al., 2010). 
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species network which was weighted with probability of dispersal (Equation 5.3) and 
dispersal flux
16
 (Equation 5.6).  
   ∑ ∑
        
        
       (Equation  5.11) 
 
5.3 Detecting gaps in habitat networks and locating restoration 
areas  
Detecting the gaps in the species network was an additional graph operation which could 
reveal those areas within the study area that were suitable for restoration of connectivity. 
Gaps are defined as the areas between a pair of habitat patches which are poorly connected or 
entirely disconnected. There are different approaches to delineating the gaps in order to 
restore the network. For instance, Zetterberg et al. (2010) determine the network gaps by 
looking into the high ranked nodes and investigating those pairs of important patches that 
have less connection to the adjacent patches (see Section 3.2.1).  
For this study a new approach was defined which enables identifying the gaps with the 
highest potential influences in improvement of network connectivity by prioritising the gaps 
based on their potential contribution in case they become restored. For this particular task the 
species networks that were weighted by probability of dispersal were employed. The weights 
of links in each network were systematically changed to their maximum value (     ) to 
determine the potential contribution of links in enhancing the connectivity of the entire 
network. The potential contribution of links was defined as the amount of improvement in 
connectivity of the network and is indexed as Equation 5.12. 
                           (Equation  5.12) 
where     indicates the potential contribution of the link between node i and j,        refers to 
connectivity of the network (Equation 5.7) and           refers to connectivity of the network 
after restoration of the link between node i and j. Once     was calculated for the links in each 
                                                 
16
 Using tnet package of R software by setting the variable α to 0.5 (Opsahl et al., 2010). 
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network, the links were weighted by    . The links were prioritised based on     and those 
with greater values were assigned a higher rank. That is due to the fact that greater potential 
contribution (   ) shows those areas that are a more beneficial option for restoration of 
network connectivity. Network gaps were delineated by identifying the links with greater 
potential contribution that were located within a distance less than the maximum dispersal 
ability of the species: 
(                                                              ) (Table  5.1). 
Typically the top five percent of the links in each network were delineated for the target 
species but only three percent of the top ranked links were selected for the Lace Monitor in 
order to have a similar number of the gaps identified for the four target species.  
In order to delineate the actual location of restoration areas within the study area, for the links 
that were identified as ‘network gaps’, the associated LCPs were buffered to double the size 
of the most suitable width of a typical structural corridor for the movement of the target 
species (Table 4.1). That was because the aim of this study was not to look for the actual 
pathway between the species habitats but to locate the restoration project across the study 
area at the local scale. Identification of the restoration areas guides the restoration projects to 
those locations where connectivity is required more significantly for the particular target 
species, and by restoring the connectivity in those areas the connectivity of the species 
network would be effectively increased. 
  
5.4 Results 
5.4.1 Development of resistance layer 
Four resistance layers for each of the target species were developed based on expert opinion 
in a GIS environment (Figure  5.5). The proportion of the study area belonging to each 
resistance ranking class varied significantly for each of the species (Figure  5.6). According to 
the experts, the urban and peri-urban landscapes of Melbourne impede the movement of the 
Southern Brown Bandicoot less than the other target species. Only seven percent of the study 
area was in the high or absolute resistance category for the dispersal of the Southern Brown 
Bandicoot, whereas almost half of the study area has a high to absolute resistance for the 
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dispersal of the Lace Monitor, the Fat-tailed Dunnart and the Growling Grass Frog. For the 
four target species, the urban landscape has relatively similar proportions of very low 
resistance lands that allow the species to reach maximum dispersal distances.    
 
 
  
Figure  5.5 The resistance layers of the target species: (a) the Lace Monitor (b) the Southern 
Brown Bandicoot (c) the Fat-tailed Dunnart (d) the Growling Grass Frog. The lightest colour 
refers to very low resistance areas and the darkest to the highest resistance areas (labelled as 
‘absolute resistance’) (see appendix D for the expanded maps). 
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Figure  5.6 The proportion of the study area in each resistance category for the four species: 
(a) Lace Monitor (b) Southern Brown Bandicoot (c) Fat-tailed Dunnart (d) Growling Grass 
Frog. The brightest colour refers to the very low resistance class and the darkest to the 
absolute resistance. 
 
5.4.2 Modification of habitat maps 
By eliminating the high and absolute resistance areas from the habitat patches, the total 
proportion of patches reduced significantly (Figure  5.7). This reduction was highest for the 
Growling Grass Frog by nearly 38.5 percent of total habitat area reduced and the least for the 
Southern Brown Bandicoot. The significant reduction of habitats basically is referring to the 
aim of preparing input habitat maps as they were developed for a conservation zoning 
purpose. Therefore the habitat maps may include those areas that are high to absolute 
resistance but at a close distance to species habitats and so there is the possibility for that 
species to occur in those areas (see 4.3.1 for further explanation). Modification of input 
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habitats ensured that the remaining habitat patches were the most suitable habitats for the 
target species within the study area. As the result of modifications and exclusion of highly 
resistant areas, a number of discrete habitat patches were increased significantly as each large 
habitat patch was broken into several small sub-patches (Figure  5.8). For instance, the 
number of habitat patches of the Growling Grass Frog was increased by 43 times of the 
original habitats. 
 
 
Figure  5.7 Total area of habitats in the study area before and after elimination of highly 
resistant areas. 
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Figure  5.8 Number of patches on habitat maps before and after modification. 
 
5.4.3 Construction of networks 
5.4.3.1 Aggregation of pixels 
It was explained in Section 5.1.3 that in order to reduce the computation process of least-cost 
modelling, the pixels in both the habitat maps and the resistance layers were aggregated to the 
pixel size of 60 metres by 60 metres. As a result of this aggregation on input habitat maps, a 
proportion of species habitats were eliminated from the maps as shown in Figure  5.9. The 
smallest unit of the habitat maps after aggregation was 3600 metres squared. While for three 
of the target species the viable size of habitat is much larger than 3600 metres squared, the 
viable size of habitat for the Growling Grass Frog was close to the area of a single pixel after 
aggregation (about 4000 metres). This suggests the possibility of loss of habitats of a viable 
size or small stepping stones for the Growling Grass Frog after the aggregation.   
0
5000
10000
15000
Lace Monitor Southern Brown
Bandicoot
Fat-tailed
Dunnart
Growling Grass
Frog
N
u
m
b
er
 o
f 
p
at
ch
es
 
number of patches before modification number of patches after modification
111 
 
 
Figure  5.9 Area of species habitats before and after aggregation. 
 
The habitat maps resulting from the modification and aggregation process include the total 
number of 4255, 3481, 1309, and 3954 habitat patches for the Lace Monitor, the Southern 
Brown Bandicoot, the Fat-tailed Dunnart and the Growling Grass Frog respectively. The 
Lace Monitor has the greatest number of patches to be processed in the Linkage Mapper 
while for the Fat-tailed Dunnart the number is quite low. The statistical distribution of habitat 
areas in each set of data was not normal (Figure  5.10). For all target species there were 
several small size habitats of one to two pixels with a few very large habitats. The mean size 
of habitats was the largest for the Fat-tailed Dunnart (52.1 hectares) and the smallest for the 
Southern Brown Bandicoot (7.6 hectares). 
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Figure  5.10 The statistical distribution of area of habitats in relation to the normal curve for 
the Fat-tailed Dunnart. 
 
For the resistance layers, the aggregation process affected the classification of landscape in 
terms of its resistance (Figure  5.11). For the four target species, the landscape becomes 
relatively more resistant compared with the same condition before aggregation. The increase 
in highly resistant areas was slightly greater for the Lace Monitor and the Fat-tailed Dunnart 
by up to a 20 percent increase in proportion in the two classes of high and absolute resistance 
areas. As the changes are small they were ignored as the study was able to avoid 
overestimating the connectivity of the landscape by considering the landscape even more 
resistant than less.   
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Figure  5.11 The proportion of resistance classes before and after aggregation for the four 
target species. 
 
5.4.3.2 Construction of links and nodes 
Four undirected networks were developed for each target species in which nodes were linked 
to the adjacent nodes and the links were weighted by the effective distance (cwdist) of the 
corresponding LCPs. The general characteristics of the species networks are outlined in 
Table  5.3. Compared to the networks of other target species, the numbers of nodes and links 
were lower in the network of the Fat-tailed Dunnart due to the lower number of patches in 
species habitat maps (see Section 5.4.3.1). The mean degree of network nodes (the number of 
links directly attached to the given node) were relatively similar ( 6.5) with the minimum 
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node degree of one for all the species networks. The maximum degree of node was greater 
for the Southern Brown Bandicoot (203) and smallest for the Growling Grass Frog (39).  
Table  5.3 Characteristics of initial networks of the target species which were developed using 
the Linkage Mapper software.  
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Lace 
Monitor 4255 14368 6.75 76 1 1081.8 45969 60 30591 415546 120 
Southern 
Brown 
Bandicoot 
3481 11447 6.5 203 1 704.7 24047 60 19358 242227 120 
Fat-tailed 
Dunnart 1309 4196 6.4 41 1 878.7 27220 60 13652 106452 120 
Growling 
Grass Frog 
3952 12749 6.4 39 1 809.9 71191 60 6451.1 49989.7 120 
 
The mean Euclidean distance between the habitat patches for the Lace Monitor was the 
greatest (1081.8 metres) and the smallest (704.7 metres) was for the Southern Brown 
Bandicoot (Table  5.3). The network of the Growling Grass Frog includes the furthest pair of 
habitats with the distance of 71191 metres. For all the species networks the minimum 
distance between the nodes was only one pixel (60 metres). In Section 5.1.3 it was explained 
that due to the intense computation process, LCP was only generated for the links that have a 
length below the maximum dispersal ability of the species and the effective distance below 
‘threshold T’. Due to the thresholds that were established, the maximum and mean effective 
distances in Table  5.3 does not reflect the actual maximum and mean effective distance 
between the habitat patches in the study area but the maximum value that the software could 
process. The minimum effective distances were 120, that is, the cost of movement through 
only a single pixel of ‘very low resistance’.  
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5.4.4 Measurement of the networks 
5.4.4.1 Weighting the links 
In Section 5.2.1 it was explained that due to intense computation of least-cost modelling, it 
was not possible to calculate the effective distance for all the links in the network and 
consequently the probability of dispersal was only calculated for the active links as defined in 
that section by Equation 5.5. Figure  5.12 shows the networks of the target species comprising 
the nodes and the links that are active in dispersal of the species across the study area.  
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Figure  5.12: Network of species comprising nodes and the active links for the (a) Lace 
Monitor (b) Southern Brown Bandicoot (c) Fat-tailed Dunnart (d) Growling Grass Frog. The 
graph models comprise nodes and the active links. 
 
The number of active links and their ratio to the number of initial links in species networks 
are shown in Table  5.4. The number of active links for the network of the Lace Monitor was 
significantly higher compared to the other target species. Most of the initial links in the 
network of the Lace Monitor were diagnosed as active in species dispersal. For the Growling 
Grass Frog, however, only 0.03 of the links in the initial network became active and so the 
species network has the smallest number of active links (432) compared to other species 
networks.  
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 Table  5.4 The characteristics of species networks before and after weighting the links by 
probability of dispersal (    ) 
The target species Number 
of nodes 
Number of links 
before weighting 
the links by 
probability of 
dispersal 
Number of 
active links 
Ratio of the 
number of 
active links 
to the 
number of 
initial links 
Number 
of isolates 
Ratio of 
isolates to 
the total 
number of 
nodes 
Lace Monitor 
 
4,255 14,368 12,727 0.89 11 0.002 
 
Southern Brown 
Bandicoot 
 
3,481 11,447 2,722 0.24 960 0.275 
 
Fat-tailed 
Dunnart 
 
1,309 4,196 1,662 0.4 186 0.142 
 
Growling Grass 
Frog 
3,952 12,749 432 0.03 3,249 0.822 
 
 
By assigning the weight of zero to the non-active links, some of the nodes become entirely 
disconnected from the rest of the network and they are termed ‘isolate’ (Table  5.4). The 
number of isolates for the Lace Monitor was 11 whereas 3,249 nodes of the network of the 
Growling Grass Frog become isolated by weighting the links by     . This potentially refers to 
the distance between the nodes which is mainly greater than the maximum dispersal ability of 
the species and so probability of dispersal was considered zero along the associated links. 
The mean Euclidean distance between the nodes is 809.9 (Table  5.3) whereas the maximum 
dispersal ability of the species is only 400 metres (Table 4.1). In addition to that the mean 
effective distance of the species network is 6451.1 (Table  5.3) whereas the maximum 
effective distance that the species is able to disperse is set to 4,251.66 (Table  5.2).  
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5.4.4.2 Connectivity of the networks 
A comparison of results measuring the connectivity of species networks revealed differences 
in connectivity of Metropolitan Melbourne for the four target species (Figure  5.13). 
Metropolitan Melbourne has a relatively high connectivity for the Lace Monitor and the 
Southern Brown Bandicoot (85% of the landscape is connected) while for the two other target 
species only 54 percent of their network is connected. By comparing the proportion of 
connectivity percentages which refers to intra-patch connectivity to inter-patch connectivity 
(Figure  5.13), it was found that for the Lace Monitor, the main proportion of network 
connectivity refers to the inter-patch connectivity (68.9%) whereas for other target species 
the main proportion of their network connectivity refers to intra-patch connectivity. This 
highlights the higher dispersal ability of the Lace Monitor and so the higher probability of 
dispersal between its habitats. For the other target species, however, the matrix of 
Metropolitan Melbourne impedes the movement of species between their habitats so the 
species dispersal is mainly restricted to the area within the habitats. That is mainly shown for 
the Growling Grass Frog by having only two percent inter-patch connectivity.   
 
 
Figure  5.13: Connectivity of urban landscape for the target species. The proportion of intra-
patch connectivity and inter-patch connectivity is compared for each species. 
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5.4.4.3 Ranking the nodes 
By applying the four metrics of recruitment, node removal algorithm, degree centrality and 
betweenness centrality on the network of the four target species, nodes of each network were 
ranked based on their significance in different orders. Table  5.5 shows the correlation of their 
ranking based on the four metrics. Ranking of nodes based on the application of metric 
degree centrality was highly correlated with the ranking of nodes by applying the node 
removal algorithm. The correlation of ranks based on the two measures was highest when the 
links of the network were weighted by dispersal flux by 0.984 for the Lace Monitor, 0.697 for 
the Southern Brown Bandicoot and 0.917 for the Fat-tailed Dunnart. For the Growling Grass 
Frog, however, the results of node removal algorithm has no meaningful correlation with 
results of the application of the metric degree centrality (rho= 0.367). This is perhaps due to 
the low number of active links that are weighted by a probability of dispersal greater than 
zero. The high correlation of results based on the two measures suggests degree centrality for 
a weighted network by flux as a surrogate for the node removal when ranking the nodes based 
on their significance. For all the target species, the ranking of habitats based on recruitment 
(area) was also highly and positively correlated with the ranking of nodes resulting from the 
node removal algorithm (Table  5.5). Node removal was revealed to be sensitive to the type of 
metric that is defined to calculate the connectivity of the entire network and so the choice of a 
different measure potentially can change the results of node prioritisation based on the 
algorithm (Laita et al., 2011). Therefore, to avoid such uncertainty in the results of node 
removal, metrics of recruitment and degree centrality of       are recognised as a suitable 
surrogate for the node removal algorithm. Node removal algorithm is more applicable to 
investigating the behaviour of the network in the case of change, such as loss of habitats. In 
an intact network similar to the status of the networks in this study, the above-mentioned 
metrics can be a suitable surrogate for the node removal algorithm.  
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Table  5.5: Statistical comparison of the prioritised nodes by applying different metrics. The 
numbers are calculated by using the Spearman’s rank correlation coefficient.  
Lace Monitor 
 Area                             
Area  0.765  0.555   0.735 
     0.201 0.276 0.240 0.412 0.984 
       0.624  0.547  
             0.274 
          
          0.505 
              
  
Southern Brown Bandicoot 
 Area                             
Area  0.810  0.388   0.360 
     0.357 0.347 0.494 0.502 0.697 
       0.894  0.531  
             0.459 
          
          0.897 
              
  
Fat-tailed Dunnart 
 Area                             
Area  0.900  0.567   0.744 
     0.565 0.520 0.659 0.668 0.917 
       0.80  0.681  
             0.52 
          
          0.812 
              
Growling Grass Frog 
 Area                             
Area  0.973  0.176   0.252 
     0.183 0.199 0.342 0.336 0.367 
       0.915  0.360  
             0.368 
          
          0.990 
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In line with Baranyi et al. (2011), the results of this study show that ranking of nodes based 
on betweenness centrality either by weighting the links by     or      were different from the 
ranking of nodes based on node removal algorithm (Table  5.5). It was discussed in Section 
3.3.2 that application of betweenness centrality identifies those habitats that act as stepping 
stones across the landscape (Baranyi et al., 2011; Zetterberg et al., 2010). Based on 
betweenness centrality, ranks of nodes were more affected by topology and the spatial 
distribution of nodes rather than area of the corresponding habitats. This was also the case 
when the species networks were weighted by flux which is a function of the area of habitats. 
Ranks of nodes for the weighted network by flux (     ) based on betweenness centrality had 
a small correlation with the ranks of the nodes based on the area of corresponding habitats 
(rho of 0.555 for the Lace Monitor, 0.388 for the Southern Brown Bandicoot, 0.567 for the 
Fat-tailed Dunnart and 0.176 for the Growling Grass Frog). Therefore, in order to identify the 
stepping stones in a habitat network of target species solely based on topology of nodes, the 
application of betweenness centrality on the species weighted network by     (   ) is suitable. 
According to the above discussion, for this study metrics of recruitment and degree centrality 
on the weighted network by flux (     ) were established to prioritise the nodes in relation to 
their contribution to the overall connectivity of the network and as a surrogate for node 
removal algorithm. Betweenness centrality of weighted graph by     (  ) was established to 
prioritise the nodes in terms of their importance of being stepping stones within the species 
networks. The three metrics of recruitment, degree centrality of       and betweenness 
centrality of    were applied to the networks of target species to rank the nodes. Figure  5.14 
illustrates the network of the Lace Monitor in which nodes are prioritised according to the 
three mentioned metrics. In these networks the importance of nodes was classified into five 
classes and in each class 20 percent of species habitat patches were included
17
.  
 
                                                 
17
 Using Quintile classification function of ArcGIS.  
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Figure  5.14: The prioritised nodes of the Lace Monitor using (a)             (b) 
                           (c)                             . The categories in the 
legend show the ranks of the habitats resulting from the metrics: the higher the rank, the 
greater the value. 
5.4.4.4 Geographical location of highly ranked habitats 
Application of the three metrics of recruitment, degree centrality (      ) and betweenness 
centrality (  ) on the species networks revealed the more significant habitats in dispersal of 
the target species across Metropolitan Melbourne. These measures revealed that the majority 
of important habitat patches with the greater contribution to habitat connectivity of the target 
species are geographically located at the margin of the study area. The urban fringe has 
greater coverage of native vegetation and larger habitats that potentially provide suitable 
habitats for the species whereas inside the Urban Growth Boundary, the urban landscape is 
highly resistant to species movement and so the habitats are contributing less to connectivity 
of species habitats.  
For the Lace Monitor, high ranking habitats based on             (area of habitat) are 
scattered along the urban fringe in north west, north east, east and south eastern Melbourne as 
shown in Figure  5.15, part a. There are a few high-ranked habitats inside the Urban Growth 
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Boundary tending to occur near the northern edge. The high-ranked habitats of the Lace 
Monitor based on degree centrality are also mainly located outside the Urban Growth 
Boundary in north, north west, north east, east and south east of the greater Melbourne area 
(Figure  5.15, part b). There are a few important habitats which fall inside the Urban Growth 
Boundary especially on the northern side. Also there are some critical spots mainly along the 
north and eastern side of the boundary where the important habitats are close to the edge and 
that could be a potential source of conflict between conservation strategies and land use 
plans. Figure  5.15, part c shows the distribution of high-ranked habitats based on betweenness 
centrality. The high-ranked stepping stones for the dispersal of the Lace Monitor are mainly 
located in the north east of the study area such as the Kinglake National Park and Yering 
Gorge Bushland Reserve. On the northern fringe there are some scattered patches with high 
betweenness centrality that can connect the large patches in the west and eastern side of the 
study area. Within the Urban Growth Boundary, high BC habitats are located along the urban 
rivers to connect the inner side of the study area to the western and northern fringes.  
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Figure  5.15: The geographical location of prioritised habitats of the Lace Monitor in relation 
to the Urban Growth Boundary. The darker patches have a higher rank as calculated by (a) 
recruitment (b) degree centrality of weighted network by flux (c) betweenness centrality of 
nodes for the weighted network by    . 
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For the Southern Brown Bandicoot, highly ranked habitats based on the recruitment are 
mainly located south and south east of the study area (Figure  5.16, part a). Within the Urban 
Growth Boundary close to the southern edge, Cranbourne Botanic Gardens are highly ranked 
by recruitment. Applying the degree centrality, the highly ranked patches are located along 
the east and south east with some important patches in the south up to the southern edge of 
the Urban Growth Boundary (Figure  5.16, part b). There are a few important habitats that 
have appeared within the Urban Growth Boundary such as the Cranbourne Botanic Gardens 
and Dandenong Park. Applying betweenness centrality on the network of the Southern 
Brown Bandicoot revealed that stepping stone patches are mainly located east and south east 
of the study area (Figure  5.16, part c). An elongated large patch in the south along the 
waterfront public lands and some of the recreation reserves is recognised as having the 
highest BC value, being a major stepping stone in the movement of the Southern Brown 
Bandicoot across its network. Some of the high DC habitats such as Western Port Reserve are 
not recognised as significant stepping stones. Within the Urban Growth Boundary, 
Cranbourne Botanic Gardens is recognised as an important stepping stone in the habitat 
network of the species.  
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Figure  5.16: The geographical location of highly ranked habitats for the Southern Brown 
Bandicoot in relation to the Metropolitan Growth Boundary. The darker patches have higher 
ranks as calculated by (a) recruitment (b) degree centrality for the weighted network by     
(c) betweenness centrality for the weighted network by flux. 
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For the Fat-tailed Dunnart highly ranked habitats based on recruitment are scattered along the  
north to north west and down to the west and south west of the study area (Figure  5.17, part 
a). The farmlands and pastures in the north and south west include some of the largest 
habitats of the species. The distribution of highly-ranked habitats based on degree centrality 
is similar; again, farmlands in the north and in the south west near the bay are recognised as 
of more importance to overall connectivity of the network (Figure  5.17, part b). Inside the 
Urban Growth Boundary, habitat patches near the northern edge are still highly ranked based 
on degree centrality while the rank of patches in the south dropped by the application of 
degree centrality. Applying betweenness centrality on the Dunnart’s network revealed that 
the farms and pastures in the north are also valuable in terms of their role as stepping stones 
or for movement of species (Figure  5.17, part c). Inside the Urban Growth Boundary the 
patches near the northern edge are recognised important stepping stones for the species 
network.  
135 
 
 
136 
 
 
 
137 
 
 
Figure  5.17: The geographical location of highly ranked habitats for the Fat-tailed Dunnart in 
relation to the Urban Growth Boundary. The darker patches have higher ranks as calculated 
by (a) recruitment (b) degree centrality of weighted network by     (c) betweenness 
centrality for the weighted network by flux. 
 
138 
 
For the Growling Grass Frog, important habitats based on their recruitment are scattered 
along the rivers from west of the study area to the large habitats around the rivers south, east, 
north east and north of the study area (Figure  5.18, part a). Inside the Urban Growth 
Boundary, some of the habitats along the creeks in the north and south are recognised as 
critical habitats for connectivity of the species habitats. The geographical distribution of 
habitats with high degree centrality is slightly different, with lots of habitats with high 
recruitment becoming less important in terms of their contribution to connectivity 
(Figure  5.18, part b). Important patches in terms of degree centrality are located along the 
rivers and creeks in the south, west and north west. Within the Urban Growth Boundary 
along the creeks that are north, south west and in the centre of the city are located some of the 
highly ranked patches of the frog. Applying betweenness centrality to the frog’s network 
revealed that highly ranked stepping stones are located along the creeks in the north, north 
west and south of the study area (Figure  5.18, part c). Inside the Urban Growth Boundary, 
there are a small number of patches with highly ranked stepping stones, which appear near 
the western and southern edge of the boundary.   
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Figure  5.18: The geographical location of highly ranked habitats for the Growling Grass Frog 
in relation to the Urban Growth Boundary. The darker colour represents the top 20% of 
higher ranked habitats as calculated by (a) recruitment (b) degree centrality of nodes for the 
weighted network by     (c) betweenness centrality for the weighted network by flux. 
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5.4.5 Gaps in species networks and location of restoration areas  
The links with the highest potential contribution in network connectivity that were within the 
biologically reasonable distance were selected for the four target species. The total numbers 
of 404 links for the Lace Monitor, 292 for the Southern Brown Bandicoot, 177 for the Fat-
tailed Dunnart, and 414 for the Growling Grass Frog were selected. The identified links 
mainly appeared to be attached to the nodes that represent the larger size habitats.  
Figure  5.19 shows the location of the highly ranked links based on their potential contribution 
in relation to the highly ranked nodes based on the size of associated habitats.  
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Figure  5.19 The links with highest potential contribution (3% of the total links) in 
connectivity in relation to the location of the large size habitats and the active links for the 
network of the Lace Monitor. 
 
In order to identify the actual location of poorly connected areas within the study area for the 
purpose of restoration, the least-cost path associated with the highly ranked links were 
buffered as explained in Section 5.3. Figure  5.20 shows the location of connectivity 
restoration areas for the four target species within Metropolitan Melbourne in relation to the 
20 percent of larger habitats. For the Lace Monitor the restoration areas appeared in the west, 
north, north east, east and south east (Figure  5.20, part a). A few of the restoration areas fell 
inside the Urban Growth Boundary near to the northern edge. For the Southern Brown 
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Bandicoot the connectivity restoration zones appeared mainly around the largest habitat 
patches in the west (Figure  5.20, part b). There were also a few gaps appearing in the south 
near the eastern edge of the Urban Growth Boundary. For the Fat-tailed Dunnart, a large 
proportion of the connectivity restoration areas occurred inside the large size habitats in the 
north and south west that were fragmented by the high resistant transport infrastructures 
(Figure  5.20, part c). There were a few restoration zones appearing inside the Urban Growth 
Boundary near to the northern edge. The connectivity restoration areas for the Growling 
Grass Frog were scattered across the study area in the south west, north west, south east and 
south (Figure  5.20, part d). There were a small number of gaps inside the Urban Growth 
Boundary along the rivers and creeks. 
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Figure  5.20: The geographical location of the connectivity restoration areas in relation to 
Urban Growth Boundary for (a) Lace Monitor (b) Southern Brown Bandicoot (c) Fat-tailed 
Dunnart (d) Growling Grass Frog. 
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5.5 Discussion 
5.5.1 Development of resistance layer 
The resistance ranks for each species were assigned to a given cell based on rules determined 
by expert elicitation. As one expert per species was used, it was understood that there could 
be some uncertainty associated with these rankings (Beier et al., 2009). For example, by 
assigning the most resistant category to ‘absolute resistance’, one expert might assume that 
absolute resistance means no possibility of movement. So because it is shown that 5% of the 
Growling Grass Frogs are able to cross the freeways (a typical most impeding category) by 
using the underground pipes (Dr. Geoff Heard, The University of Melbourne, Personal 
Communication, May 2012), freeways were ranked as ‘high resistance’ instead of ‘absolute’ 
by that expert. However, another expert might rank ‘freeway’ as ‘absolute resistance’ by 
predicting that the mortality risk of freeways is the highest based on the relative resistance of 
the freeways compared to other landscape attributes. This potentially could introduce some 
uncertainty to the results in the proportion of the landscape belonging to high and absolute 
resistance which is mainly based on the elicitation of experts in the categories and the name 
of those categories rather than their biological knowledge of species ability of dispersal.   
In addition, the resistance values assigned to each resistance ranking category (e.g. 50 for 
‘medium resistance’ and 75 for ‘high resistance’) can be the other sources of uncertainty in 
the development of a resistance layer. These in turn could influence the geographical location 
of the least-cost path between patches (Rayfield et al., 2010). Furthermore, there is a 
possibility that the resistance value affects the connectivity results such as the importance of 
habitats or network connectivity. To investigate any potential uncertainty, the sensitivity of 
the connectivity results to the resistance values was tested and will be presented in Chapter 6. 
Nevertheless, the quantification of resistance categories has been called the ‘biggest 
challenge’ for the development of the resistance layers (Spear et al., 2010). There are a 
number of methods that could reduce the uncertainty. These include in-depth discussions 
about resistance ranks (Sawyer et al., 2011) perhaps by repeating the same questions multiple 
times (e.g. in Eycott et al., 2011); recruiting more than one expert to rank the landscape 
attributes (Beier et al., 2011); quantifying the resistance classes based on field data on 
movement ability of the species (Beier et al., 2008) and alternatively testing the accuracy of 
resistance values by statistically comparing them with field data (Epps et al., 2007).  
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5.5.2 Modification of habitat maps 
Modification of data was a necessity to get valuable results from the connectivity metrics. 
The exclusion of high and absolute resistance areas from the habitats ensured that the species 
can have a relatively successful dispersal in the remnant habitat and so the probability of 
dispersal can be equalled to one within the habitats. By modifying the habitats and 
eliminating high and absolute resistance areas, the number of patches in each dataset was 
significantly increased, especially for the Growling Grass Frog and the Fat-tailed Dunnart, 
and this introduced an intense computation when modelling the least-cost paths.  
5.5.3 Application of least-cost modelling in construction of links 
Processing the least-cost paths in a GIS environment was computationally intense. This 
resulted in setting a number of thresholds in order to allow the generation of the least-cost 
paths across the extent of the study. Aggregation of the pixel size was one of the thresholds 
for this study. As the results of the aggregating pixels of resistance layers, the urban 
landscape for the four target species relatively becomes more resistant. By conducting the 
same approach for the habitat maps, some proportions of habitats for each of the species were 
lost. As the viable size of habitat for the Growling Grass Frog was nearly the same as one 
pixel size of 60 by 60 metres, there was doubt that some proportion of viable size habitats for 
the Growling Grass Frog could become lost by this process. The high value of mean 
Euclidean distance and mean effective distance between habitats in the network of the 
Growling Grass Frog (Table  5.3) can be due to the aggregation process and elimination of 
small size habitats of the species. The large distances between the habitats can also refer to 
the actual distance between species habitat patches or sensitivity of the species to the 
resistance of urban landscape. In order to ensure that aggregation of pixels did not affect the 
accuracy of connectivity results for the Growling Grass Frog, there is a need for further 
validation of results by field data. Furthermore, setting the maximum Euclidean distance and 
T threshold before processing the least-cost paths did not allow for consideration of the small 
probabilities of moving beyond the thresholds and having a successful dispersal. The 
probability of dispersal beyond the distance threshold is estimated by Urban and Keitt (2001) 
to be 0.05. Although it is a low probability and does not alter the results it could be included 
in the results if the algorithm of least-cost modelling was not so computationally intense.  
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Least-cost modelling is one of the best available approaches and has a well-documented 
algorithm to incorporate the cost of movement into the connectivity analysis; however, it is 
less biologically accurate and potentially introduces uncertainty into connectivity results. 
Calculating the effective distance between two habitat patches based on cwdist along the 
single least-cost path, may not reflect the actual probability of dispersal of the species 
between those habitats. That is due to the fact that one single path does not acknowledge 
availability of several alternative paths for the movement of the species. In order to 
accurately estimate the effective distance between habitat patches, availability of several 
pathways needs to be analysed as highlighted in the literature (McRae et al., 2008; Pinto and 
Keitt, 2009; Theobald, 2006). For this study, the available algorithms were not robust enough 
to process LCPs over the extent of the study area. There was a need for an effective algorithm 
to be able to calculate the effective distances between pairs of habitats based on multiple 
least-cost paths over a large extent of the study area.  
Another critical point for the use of least-cost modelling in this study was determining the 
maximum effective distance for the target species. Maximum effective distance is associated 
with the maximum energy that a target species expends whilst travelling through the 
landscape and Sawyer et al. (2011, page 647) are of the opinion that this is “the most 
biologically important and widely ignored aspect of least-cost modelling and other 
connectivity analysis”. Working with least-cost paths to estimate the effective distances needs 
a rigorous “empirical and biological foundation” (Sawyer et al., 2011). As results of 
empirical studies are often lacking and expensive to obtain, a fall-back option is to use expert 
opinion coupled with sensitivity analysis to achieve a greater understanding of the effects that 
errors and bias possibly present in resistance values. In Chapter 6 the sensitivity of 
connectivity results to the threshold of effective distance will be tested extensively to ensure 
that species-specific connectivity results are sufficiently valid enough to be incorporated in 
the multispecies step of the analysis.  
5.5.4 Measurement of network connectivity 
In general, the results of network connectivity measurements are consistent with what is 
known about the dispersal abilities of the target species. For example, the Lace Monitor is a 
strong disperser with good ability to travel through non-habitat areas and has longevity of 
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approximately 40 years (Dr. Nick Clemann, Arthur Rylah Institute, Personal Communication, 
June 2012). So although there are not enough suitable habitats for the species in the study 
area, the species has a high possibility of dispersal between the habitat patches. Due to the 
possibility of loss of viable size habitats for the Growling Grass Frog through the aggregation 
of the landscape, further evaluation is required to investigate whether the low percentage of 
inter-patch connectivity refers to the resistance of the actual landscape for the frog, or to the 
proportion of small size habitats which are missing as a result of the aggregation. Such 
validation was beyond the limits of this research study and has been identified as a potential 
future project.  
Application of metric C was successful in estimating connectivity of landscape for each 
target species. The use of C percentage enabled a comparison of the connectivity of the same 
landscape for different species. Comparatively analysing the proportion of inter- and intra-
patch connectivity was also valid for a single species; however, comparison of inter-patch or 
intra-patch connectivity between different types of species was not. That is because these 
connectivity measures refer to the species-specific network characteristics such as the total 
number of habitat patches, their area, adjacency and spatial distribution. For example, inter-
patch connectivity of the study area was estimated at only 2% percent. This measure can 
show the importance of inter-patch connectivity in relation to the intra-patch connectivity for 
the Growling Grass Frog. However, it may not be able to provide a comparative 
understanding between the intra-patch connectivity of the Growling Grass Frog and the Fat-
tailed Dunnart, for instance. 
5.5.5 Ranking of nodes 
The first priority for habitat amendment is to maintain the available habitats that are of higher 
ecological value (McIntyre and Hobbs, 1999). Prior to suggesting potential areas for 
restoration of the habitat network, this research study diagnosed those habitats which are 
already critical to connectivity of the species networks. By applying several metrics to 
estimate the importance of habitats for connectivity, recruitment, degree centrality and 
betweenness centrality were established as a set of suitable metrics to rank species habitats 
based on their contribution to connectivity and traversability of species networks. The highly 
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ranked habitats based on these metrics are the priorities for conservation and management to 
support the dispersal of the target species in Metropolitan Melbourne.  
Compared to the other target species, for the Growling Grass Frog, a large proportion of 
habitats that were highly ranked in terms of their area were ranked lower in terms of their 
significance to connectivity. When analysing the correlation of habitats’ ranking resulting 
from the application of different metrics, it was noticed that, despite the other target species, 
the ranking of nodes for the Growling Grass Frog does not have high correlation (Table  5.5). 
As was discussed in Section 5.5.3, this could be due to the highly resistant urban landscape 
for the movement of the Growling Grass Frog and so there is a small probability of dispersal, 
or due to the thresholds applied to generate the least-cost paths. Because the same approach 
was applied to rank the habitats for all the target species, it could be argued that different 
results in correlation coefficients refer to the threshold of the pixel size rather than the 
resistance of the landscape. The cell size of 60 by 60 metres can hardly reveal the detail of 
the real landscape for the dispersal of a small species such as the Growling Grass Frog. To 
assess connectivity of the landscape for this small species, there is a need for a detailed study 
with a finer pixel size.  
Metric C and flux that was used to measure the network connectivity and to weight the links 
in calculation of degree centrality, placed more emphasis on the area of habitats compared to 
the probability of dispersal between the habitats (Table  5.5). This fact was also highlighted by 
Laita et al. (2011). There is still doubt about the influence of habitats’ area in relation to the 
probability of dispersal so that the metric reflects the realistic results of connectivity and 
species flux. By reducing the influence of area and the emphasis on probability of dispersal 
the effective distances calculated by least-cost modelling will be increased. This influence 
can also be different per species and species-specific movement characteristics. This 
highlights an area for further investigation in future studies. 
5.5.5.1 Geographical location of highly ranked habitats 
By overlaying the 20 percent of the higher ranked habitats with the three layers of Public 
Land Management (PLM100), forest-types and parks and reserves (see Appendix F for 
maps), it was noticed that there are some important habitats that are neglected by the three 
management layers, either partly or completely. For instance, some of the highly ranked 
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habitats of the Fat-tailed Dunnart in the north and south west are not included in any of the 
mentioned layers. This highlights the need for reinvestigation of the planning and 
management maps to include those important habitats that are already neglected. Further 
study in this area could be on overlaying the planning and management maps with the highly 
ranked habitats identified by this study and investigating how the planning policies recognise 
these areas for the four species of this study.  
5.5.6 Gap detection - locating the restoration areas 
The gaps in the species network revealed those areas that have a potential to improve the 
connectivity of the network in case they become restored. Based on the approach that was 
developed in this study, the network gaps and consequently the restoration zones, were 
identified by comparing species dispersal flux along all the links in the network; in other 
words, by comparing all possible movement scenarios for the species. This ensured that the 
identified restoration areas were those that are most beneficial in terms of enhancing the 
connectivity of the species habitats. This study typically selected the five percent of highly 
ranked links based on their potential contribution to connectivity but better justification can 
be based on the fund considered for restoration of the landscape connectivity and the total 
area that is to be restored.   
The locations of the identified gaps are influenced by the area of habitats as they mainly 
appeared around the larger size habitats. This is due to metric C that the algorithm of gap 
detection was based on. As discussed in Section 5.5.5, the C metric can be modified by 
reducing the influence of area compared to the probability of dispersal between patches. This 
potentially results in the location of gaps being more affected by the resistance of landscape 
than the areas of habitats. However, connecting the large size patches to the adjacent small 
patches seems accurate for improving the connectivity of the network (Minor and Urban, 
2008). Those highly ranked habitats based on their size have already been suggested to 
maintain the connectivity and so they can also contribute to the restoration of habitat 
connectivity. The identified restoration areas are subject to the management of the landscape 
structure by any suitable strategy such as softening the matrix, or establishing the structural 
corridors or species habitats.  
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The identified restoration areas for the Growling Grass Frog require further validation 
because there is doubt that some of the small size habitats of the species might be eliminated 
through the aggregation process. Therefore, there is a need for verification and validation of 
gaps at the local scale by conducting a field survey of actual occupancy of habitats, quality of 
habitats and more detailed investigation on landscape resistance with a higher resolution. It is 
also necessary to directly monitor the species pathways to ensure that the identified 
restoration areas can be effectively used by the species in future.  
 
5.6 Summary 
Using graph theory and least-cost modelling, four undirected weighted networks were 
constructed, one for each target species. Each network comprised a node layer and a link 
layer in the GIS environment. Nodes represent the geographical centroid of the species 
habitat and links show the probability of dispersal between pairs of nodes. The construction 
of links was performed through a number of steps. Initially a species-specific resistance layer 
was developed based on expert opinion. The modified habitat map and the resistance layer of 
each species were fed into the Linkage Mapper, an extension of ArcGIS, in order to develop 
the links. For those links that were diagnosed as active in the dispersal of the species, the 
probability of dispersal was calculated and then links were weighted according to their 
probability of dispersal.  
Application of metric C revealed the status of connectivity for each of the networks by 
comparing the proportions that refer to the inter- and intra-patch connectivity. Using several 
metrics, nodes were ranked in terms of their significance according to different metrics. 
Statistical analysis of results revealed that metric recruitment, degree centrality (     ) and 
betweenness centrality (  ) are the proper set of metrics to analyse different aspects of 
connectivity. The application of the three metrics revealed that the majority of highly ranked 
habitats of the four species are located in the urban fringe although there were some 
important patches inside the Urban Growth Boundary which were specifically located near 
the northern edge. These are the critical habitats for maintaining the connectivity of species 
habitats.  
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Gaps in species networks were delineated to identify those areas where the connectivity of 
the species habitats can be restored. A specific approach was taken by which extra 
connectivity was added to each link to investigate the potential contribution of each link in 
the overall connectivity of the network. For the high-ranked links the associated least-cost 
paths were buffered to locate the actual restoration area in the landscape. The locations of the 
gaps were mainly around the large size habitats in each network. The evaluation of the results 
and analysis of the influence of the threshold of effective distance and resistance values 
scheme on the accuracy of results is the subject of the next chapter.  
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Chapter 6. Sensitivity analysis of species 
networks 
In Chapter 5 habitat networks for the four target species were determined across  
Metropolitan Melbourne. Applying three different metrics to species networks, habitat 
connectivity was assessed and habitats were ranked according to their contribution to 
connectivity and traversability of the landscape. Also connectivity restoration areas were 
identified for each target species. It was necessary to evaluate and validate those species-
specific connectivity results before combining them and conducting a multispecies 
assessment. Evaluation of connectivity results was also essential because those recognised 
restoration areas will be used to set the conservation policies and decision-making in order to 
enhance biodiversity of the study area.  
Despite several approaches which could have been applied to evaluate the connectivity 
results such as comparing the results with data from empirical studies, this study only focused 
on the sensitivity analysis approach as it is an important first step of evaluation. Other 
possible approaches are proposed as suitable for further study in this field. In Section 5.2.1 it 
was explained that the determination of the maximum effective distances for the target 
species was a challenging aspect of this research. This value is believed to potentially affect 
the results of the connectivity analysis. Furthermore the values of effective distance (cwdist) 
along the links are tightly associated with the resistance values by which the resistance layers 
were quantified. Therefore resistance values also can potentially affect connectivity results.  
This chapter will report on the application of sensitivity analysis techniques to test the 
influence of setting the different maximum effective distances as well as various resistance 
value schemes on the connectivity results. A specific method was designed for this study 
comprising four single tests. Different values of maximum effective distance and resistance 
value schemes were determined and applied to the network of the Fat-tailed Dunnart to test 
their influence on ranking of habitats and location of connectivity restoration areas. The 
methods are illustrated with one of the target species, the Fat-tailed Dunnart, but with enough 
computation resources could equally be applied to the other target species. 
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6.1 Background on sensitivity analysis 
All modelling approaches can be associated with a degree of uncertainty in the outputs due to 
the fact that modelling inputs can never be precisely known. To avoid any misdirection in the 
decision-making and management of the landscape, it is necessary to acknowledge the 
uncertainties associated with modelling (Burgman et al., 2005). In some cases the uncertainty 
in the outputs of modelling is not important, whereas in other cases this is vital. Sensitivity 
analysis assists in knowing when and to what extent uncertainty in model inputs matters. 
Also sensitivity analysis recognises those variables that have the greater influence on the 
model outputs (Beier et al., 2009).  
The network approach that was applied in this study resulted in a number of connectivity 
outputs, such as the total connectivity of the species network, the ranking of species habitats 
based on their contribution to connectivity and traversability of the landscape, and the 
location of connectivity restoration areas (see Chapter 5). To determine the uncertainty 
associated with connectivity outputs, several variables and assumptions were possibilities for 
testing for their influence on outputs such as landscape attributes, resistance ranks and 
resistance values. It has been shown that resistance ranks and values are sources of 
uncertainty in least-cost modelling as those variables can significantly affect the location of 
least-cost paths (Beier et al., 2009; Rayfield et al., 2010). However, it was not clear how the 
resistance values could potentially affect the output of this study. Therefore one approach for 
the sensitivity analysis of this study was to test the sensitivity of connectivity outputs to 
different sets of resistance values by which the species resistance layer is quantified. 
Testing the sensitivity of connectivity outputs to the species maximum effective distances 
(see Section 5.2.1) was another area for analysis in this study. Modelling based on graph 
theory suffers from setting different thresholds (Moilanen, 2011) especially when it is 
associated with least-cost modelling. The threshold of pixel size for both input habitat maps 
and the resistance layers, the maximum dispersal distance and the maximum effective 
distance for each target species are among the thresholds which were set to construct the 
species networks in this study. Setting the threshold of effective distance (maximum effective 
distance) was the most challenging for this research. The effective distance (cwdist) along the 
least-cost paths is a function of resistance values by which the species resistance layer was 
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quantified (see Section 2.3.3). The maximum effective distance reflects the actual effect of 
different cover types on species movement and in turn, species survival abundance through 
that distance (Spear et al., 2010). Determining maximum effective distance is recognised as 
the “most biologically important and widely ignored aspect” of least-cost modelling (Sawyer 
et al., 2011). The influence of setting different effective distances on the connectivity outputs 
is not clear. Therefore a specific approach was designed to test the sensitivity of the 
connectivity outputs to different determinations of maximum effective distance. 
Quantification of resistance layers by using the resistance values and the maximum effective 
distances were thought to have the greatest influence on model outputs. Therefore the 
sensitivity analysis of this study focused on the variables related to these components of the 
modelling. Testing the rest of the variables and assumptions is recommended as further study 
to this research.   
 
6.2 Method of sensitivity test  
Four different tests were designed to study the influence of the maximum effective distance 
and resistance values on the connectivity outputs. Apart from test one, all other tests were 
conducted only for the network for the Fat-tailed Dunnart. This species was selected for the 
detailed sensitivity test as its network comprises the lowest number of nodes compared to the 
other target species. That eased the computation and allowed processing of the least-cost 
paths for all pairs of nodes in the species network. Therefore there was no need for setting the 
T threshold any more and probability of dispersal was calculated for every initial link rather 
than only the active links (see Section 5.1.3 for further explanations on this threshold). While 
doing the sensitivity test, all other variables were held constant in order to investigate only 
the influence of the variable under study. Through different stages of the sensitivity test, the 
maximum Euclidean distance of the Fat-tailed Dunnart was fixed at 1000 metres (Table 4.1). 
6.2.1 Test one: Base resistance scheme 
In test one, different maximum effective distances were set to investigate how the total 
connectivity of the network was affected under each threshold. The networks of the four 
target species were already developed based on the Base resistance scheme of 1, 25, 50, 75, 
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and 100, as explained in Section 5.1. The species network that is constructed based on the 
Base resistance value scheme is termed ‘base’ (Figure  6.1).  
 
Figure  6.1 Resistance value scheme in the base model of species networks 
 
In the second step of this test, the sensitivity of other connectivity outputs to different 
determinations of maximum effective distance was studied by focusing only on the network 
of the Fat-tailed Dunnart. Three different thresholds of effective distance were determined 
and according to that the connectivity outputs were processed again. The first threshold of 
effective distance (Threshold A) is the threshold that was already applied in Section 5.2.1 and 
was calculated as a function of the lower bound estimation of an expert of the species 
dispersal ability. Threshold A was calculated by averaging the estimated maximum effective 
distances for three classes of ‘low resistance’, ‘medium resistance’, and ‘high resistance’ and 
it was set to 12,168. Threshold B was established by the same approach but by averaging the 
estimated maximum effective distances for the five classes of ‘very low resistance’, ‘low 
resistance’, ‘medium resistance’, ‘high resistance’ and ‘absolute resistance’ and that was set 
to 7,935. Threshold C was the function of the best estimations of the expert on the dispersal 
ability of the Dunnart in each resistance class. Threshold C was calculated by averaging the 
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estimated maximum effective distances for the three classes of ‘low resistance’, ‘medium 
resistance’ and ‘high resistance’, which was set to 20,751. Overall the value of Threshold C is 
greater than the value of Threshold A, and Threshold B has the smallest value of all 
(Figure  6.2). 
 
Figure  6.2 The maximum effective distances estimated for the Fat-tailed Dunnart in each 
resistance class in relation to the three Thresholds of A, B and C. The maximum effective 
distances are estimated based on expert opinions on species dispersal ability. 
 
The resultant connectivity outputs from the application of the three thresholds, such as the 
weights of links, percentage of connectivity, ranking of nodes, and location of restoration 
areas, were statistically compared to each. Pearson’s correlation coefficient and the 
Spearman rank correlation coefficient were used to statistically study the correlation of 
connectivity outputs resulting from the different thresholds. Pearson’s correlation coefficient 
refers to the degree to which the values of connectivity outputs are related to each other 
whereas the Spearman rank correlation coefficient refers to the degree to which the rankings 
of nodes are related.   
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6.2.2 Test two: Lower bound resistance scheme  
In test two the resistance value was varied for the Fat-tailed Dunnart to investigate the 
sensitivity of the connectivity outputs to different resistance values. The new resistance 
values were termed ‘lower’ and were calculated as a function of the lower bound estimation 
of the expert on maximum dispersal ability of the species in questionnaire 2 (see Section 
5.2.1). To avoid any difficulty in setting the maximum effective distance for the lower model, 
the maximum effective distance was determined prior to determining the resistance values. 
The maximum effective distance was equalled to 1000 as this is the maximum distance that 
the species is able to move in the ‘very low resistance’ areas such as its habitats (resistance 
value =1) and so the maximum effective distance in ‘very low resistance areas’ of the 
landscape is 1000 accordingly (            ).  
Values for other resistance classes were calculated by the same logic based on expert 
estimations on maximum dispersal ability of the species as indicated in completed  
questionnaire 2 (see Section 5.2.1). For this test, species maximum Euclidean distances were 
based on the lower bound estimations of the expert. To calculate the resistance value for each 
resistance class, the species maximum effective distance (1000 as calculated above) was 
divided by the expert’s lower bound estimations on the maximum Euclidean distances that 
the species is able to move in that resistance class. Due to the algorithm of the least-cost 
modelling in ArcGIS (Figure 2.8 in Section 2.3.3), the least-cost path that is generated by the 
algorithm is entered half a pixel into the habitat patch from both ends. Therefore, the cost of 
one pixel movement in the habitat area was deducted for the maximum effective distance of 
the species (           ). The cost of movement in the single pixel in the maximum 
case will be 85 for those cases where the species move through that pixel diagonally. 
Therefore, as a result of this approach, the resistance values for test two were estimated as 1, 
1.14, 3.66, 18.3, and 45.75 by which the resistance layer of the Fat-tailed Dunnart was 
reclassified to the new values (Lower scheme) (Figure  6.3).  
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Figure  6.3 Lower scheme for classifying the resistance layer of the Fat-tailed Dunnart in 
sensitivity test 2; the scheme is shown in relation to the Base scheme. 
 
The reclassified resistance layer and the potential habitat map of the Fat-tailed Dunnart were 
used to construct the new network for the species
18
. Using metric C, the connectivity of the 
new network was measured and compared with the network connectivity based on the base 
resistance scheme. Then the nodes were ranked in order of their importance according to their 
degree centrality and betweenness centrality 
19
 which is the same as the approach explained 
in Section 5.2.3.1. Also to test the sensitivity of locations of connectivity restoration areas to 
the resistance values, the potential contribution of links (    ) resulting from the lower 
resistance scheme were statistically compared by the potential contribution of links resulting 
from the base resistance scheme
20
.  
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6.2.3 Test three: Middle bound resistance scheme 
Once again, the resistance values were changed to investigate the sensitivity of connectivity 
outputs to different resistance values in more detail. For this test, resistance values were 
calculated based on the same logic as explained in Section 6.2.2. This time the resistance 
values were calculated as a function of the best estimation of the expert on maximum 
dispersal ability of the Dunnart in each resistance category. Similar to test two, the maximum 
effective distance was established prior to determination of resistance values. The maximum 
effective distance that the Dunnart can move in the very low resistance category was equal to 
the maximum Euclidean distance that the species is able to move by considering the 
resistance value of ‘very low resistance’ areas as ‘1’. As the best estimation of the expert on 
species dispersal ability in this resistance class was 2000 metres, the maximum effective 
distance was also set to 2000 for all resistance categories (           ). Similar to the 
approach explained in Section 6.2.2, the maximum effective distance was divided by the 
maximum Euclidean distances estimated by the expert for resistance categories. As a result, 
the resistance values for this test were set at 1, 1.276, 4.787, 31.916, and 63.833 and this new 
scheme was termed ‘Middle scheme’ (Figure  6.4). The resistance layer of the Fat-tailed 
Dunnart was reclassified based on the Middle resistance scheme. 
 
Figure  6.4: Middle scheme for classifying the resistance layer of the Fat-tailed Dunnart in 
sensitivity test 3; the scheme is shown in relation to the Base scheme and Lower scheme. 
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The reclassified resistance layer and species habitat maps were employed to construct a new 
network for the Fat-tailed Dunnart
21
. Metric C was used to measure the connectivity of the 
entire network and metrics betweenness centrality and degree centrality were applied to rank 
the nodes in the order of their significance to network connectivity
22
. To test the sensitivity of 
restoration areas to different resistance values, links of the network were ranked according to 
their potential contribution to connectivity (   ). The outputs of the connectivity study based 
on the middle resistance scheme were statistically compared with the results out of tests one 
and two.  
6.2.4 Test four: Based only on Euclidean distances 
Test four was conducted to study the sensitivity of connectivity outputs to incorporation of 
cost of movement. This test was particularly conducted to investigate how much the 
incorporation of cost of movement could affect the connectivity of outputs and whether the 
connectivity outputs would differ if cost of movement was not incorporated in the study. For 
the purpose of this test, the connectivity outputs were processed based only on Euclidean 
distance between the habitats and by ignoring the cost of species movement in the landscape. 
A high correlation between the results would suggest that the difficulty of least-cost 
modelling for the regional scale of this study would not be worthwhile.  
For this test the probability of dispersal between nodes was calculated as the function of 
Euclidean distance between associated habitats rather than effective distance. As before, the 
maximum Euclidean distance of the Fat-tailed Dunnart was set to1000 metres. Using a 
similar approach metric C was used to measure the network connectivity and metrics 
betweenness centrality and degree centrality were used to calculate the significance of nodes 
for connectivity. Nodes were then ranked in the order of their significance. The links were 
                                                 
21
 Using linkage Mapper extension of ArcGIS. 
22
 Using the tnet package of R software. 
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also ranked according to their potential contribution (   ). The connectivity results were 
statistically compared with the results of the three previous tests
23
.  
6.3 Results 
6.3.1 Metric C  
Metric C was used to calculate the network connectivity in the four sensitivity tests. Metric C 
is defined as the summation of intra-patch connectivity and inter-patch connectivity between 
all pairs of habitats and is indexed as Equation 5 .7 (see Section 5.2.2). Through the first test 
the sensitivity of network connectivity, as measured by metric C to a different value of 
maximum effective distance, was tested for the four species in order to validate the 
connectivity outputs. The sensitivity test revealed that the connectivity of species networks 
increase with the increase in the value of maximum effective distances (Figure  6.5). For this 
study, the maximum effective distances were determined based on experts’ estimations on the 
maximum dispersal ability of target species in each resistance category as explained in 
Section 5.2.1 which is depicted by the red point in Figure  6.5. By setting a greater effective 
distance threshold for the species networks, links had the greater values of probability of 
dispersal and so the network connectivity increased. The determination of the maximum 
effective distance only influenced the inter-patch connectivity, not the intra-patch 
connectivity, which is dependent on the size of the habitat patches.    
 
                                                 
23
 Spearman’s rank correlation coefficient and Pearson’s correlation coefficient. 
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Figure  6.5: Graphs showing how ecological connectivity of the networks increases by 
increasing the maximum effective distance for the four target species: (a) the Lace Monitor 
(b) the Southern Brown Bandicoot (c) the Fat-tailed Dunnart (d) the Growling Grass Frog. 
The filled dots depict the maximum effective distance that was established for each target 
species. 
 
By investigating the network of the Fat-tailed Dunnart specifically through reclassifying the 
resistance value into the Lower and Middle resistance schemes, and setting three different 
thresholds for the Base scheme, it was found that the metric C is sensitive to the 
determination of maximum effective distance (Figure  6.6). The total connectivity of the 
network based on metric C increases with the increase in maximum effective distance 
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determined by each of the approaches. That mainly refers to the proportion of inter-patch 
connectivity which increases by determining a greater maximum effective distance 
(Table  6.1). However, the sensitivity of network connectivity to the determination of 
maximum effective distance will not affect the multispecies connectivity outputs of this study 
as discussed in Section 6.4.   
 
Figure  6.6 The percentage of connectivity for different networks of the Fat-tailed Dunnart 
based on different determinations of maximum effective distance and different resistance 
values to quantify the resistance layers; the network connectivity is calculated by using 
metric C. 
  
The total connectivity of the network of the Fat-tailed Dunnart, based on the Euclidean 
distance, was greater than the other models that were processed by using the resistance layer 
(Table  6.1). The Euclidean model suggests that 85.2% of the network for the Fat-tailed 
Dunnart is connected. The high value of the network connectivity, based on the Euclidean 
distances, and by ignoring the cost of the intervening landscape, is due to the fact that 
generally the Euclidean distance between a pair of habitats is smaller compared to the 
effective distance (cwdist) as it is ignoring the influence of landscape resistance in species 
dispersal.  
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Table  6.1 Percentage of connectivity of the landscape for the Fat-tailed Dunnart based on 
different modelling assumptions. The percentages are shown in relation to proportions 
referring to inter- and intra-patch connectivity. 
 Base Model 
with 
Threshold A 
Base Model 
with 
Threshold B 
Base Model 
with  
Threshold C 
Lower Model Middle 
Model 
Euclidean 
Model 
Intra-patch 
connectivity 
(       ) 
 
48.66 % 
 
48.66 % 
 
48.66 % 
 
48.66 % 
 
48.66 % 
 
48.66 % 
Inter-patch 
connectivity 
(       ) 
 
15.39 % 
 
8.78 % 
 
23.37 % 
 
2.18 % 
 
4.32 % 
 
36.58 % 
Total 
connectivity 
(       ) 
 
64.06 % 
 
57.44 % 
 
72.038 % 
 
50.84 % 
 
52.98% 
 
85.24 % 
 
6.3.2 Weights of links 
Results of the sensitivity tests for the Fat-tailed Dunnart revealed that the weights of the links 
of the species network as calculated by probability of dispersal (   ) (Equation 5.3) and 
dispersal flux (      ) (Equation 5.6) are more influenced by the resistance values schemes, 
based on which resistance layers were quantified, than different values of maximum effective 
distance (Table  6.2). The weights of links in the Base models that were thresholded by A, B 
and C were highly correlated to each other 
24
 and the correlation became even greater when 
the difference between the value of thresholds was lower. The correlation of the links weights 
dropped when applying the Lower and Middle value schemes to the resistance layers while 
the weights between these two models have a high correlation. Compared to    , the 
correlation of links weights based on      between different models was higher, which is due 
to the area of habitats that is incorporated into the calculation of dispersal flux for links. 
 
                                                 
24
 using Pearson’s correlation coefficient 
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Table  6.2 The correlations of weights of links in different networks; r refers to the 
correlations based on Pearson’s correlation coefficient and rho refers to the correlations 
based on Spearman’s rank correlation coefficient. 
      
(Base model 
with 
threshold A) 
 
     
(Base model 
with 
threshold B) 
     
(Base model 
with 
threshold C) 
     
(Lower 
resistance 
value scheme) 
    
(Middle 
resistance 
value scheme) 
     
(based only 
on Euclidean 
distances) 
    
(Base model with 
threshold A) 
   = 0.957 
    =1 
  = 0.957 
    = 1 
 
  0.599 
    = 
0.926 
  = 0.616 
    = 0.935 
  = 0.717 
    = 0.872 
     
(Base model with 
threshold B) 
    = 0.868 
    = 1 
 
  = 0. 717 
    = 
0.926 
  = 0.715 
    = 0.935 
  = 0.558 
    = 0.872 
    
(Base model with 
threshold C) 
     = 0.482 
    = 
0.926 
 
  = 0.514 
    = 0.935 
  = 0.812 
    = 0.872 
    
(Lower resistance 
value scheme) 
      = 0.973 
    = 0.988 
 
  = 0.203 
    = 0.751 
     
(Middle resistance 
value scheme) 
       = 0.212 
    = 0.756 
    
(only based on 
Euclidean distance) 
 
 
     
         
(Base model 
with 
threshold A) 
        
(Base model 
with 
threshold B) 
        
(Base model 
with 
threshold C) 
    
  
  
(Lower 
resistance 
value scheme) 
       
(Middle 
resistance 
value scheme) 
        
(based only 
on Euclidean 
distances) 
       
(Base model with 
threshold A) 
   = 0.997 
    = 0.991 
  = 0.998 
    = 0.989 
   0.577 
    = 0.876 
  = 0.591 
    = 0.924 
  = 0.994 
    = 0.891 
        
(Base model with 
threshold B) 
    = 0.991 
    = 0.963 
 
  = 0.580 
    = 0.907 
  = 0.587 
    = 0.945 
  = 0.984 
    = 0.846 
       
(Base model with 
threshold C) 
     = 0.574 
    = 0.827 
 
  = 0.591 
    = 0.884  
  = 0.996 
    = 0.931 
       
(Lower resistance 
value scheme) 
      = 0.996 
    = 0.980 
 
  = 0.573 
    = 0.697 
        
(Middle resistance 
value scheme) 
       = 0.594 
    = 0.747 
       
(only based on 
Euclidean 
distance) 
 
 
     
 
171 
 
Weights of the links based only on the Euclidean distances have a higher correlation with the 
weights of links in the Base model and lower correlations with the weights of links in the 
Low and Middle models (Table  6.2). This indicates that the reason for the higher correlation 
is the greater value of maximum effective distance in the Base model compared to the Lower 
and Middle models. This can be seen from the relatively high correlation of links weights in 
the Euclidean model and the Base model thresholded by C. By using flux, the weights of the 
links are highly correlated between the Base model and the Euclidean model; however, there 
are still low correlations between the weights of the links when comparing the Euclidean 
model with the Lower and Middle models.  
6.3.3 Location of restoration areas 
The location of restoration areas was identified based on the potential contribution of links in 
connectivity of the network (   ) as calculated by Equation 5.12. Testing the sensitivity of 
ranking of links
25
 in the order of     assisted in understanding the sensitivity of connectivity 
restoration areas as identified in Section 5.4.5. Table  6.3 shows the rank correlation of 
weighted links by     resulting from the application of different resistance values and 
different maximum effective distances. Ranking of links in the order of their potential 
contributions (   ) are not significantly affected by different modelling approaches. No matter 
which threshold is applied, the ranking of weighted links were highly correlated in the Base 
models. The ranking of links in the Lower and Middle models were also highly correlated to 
each other. The ranks of links weights in the Euclidean model also have a high correlation 
with the links constructed based on other modelling approaches.  
 
 
 
                                                 
25
 Using Spearman’s rank correlation coefficient 
172 
 
Table  6.3 The correlations of weights of links based on     in different modelling approaches; 
r refers to Pearson’s correlation coefficient and rho refers to Spearman’s rank correlation 
coefficient. 
      
(Base model 
with threshold 
A) 
 
     
(Base model 
with 
threshold B) 
     
(Base model 
with 
threshold C) 
     
(Lower 
resistance 
value 
scheme) 
     
(Middle 
resistance 
value 
scheme) 
     
(based only 
on 
Euclidean 
distances) 
    
(Base model with 
threshold A) 
 
   = 0.999 
    = 1 
 
  = 0.999 
    = 0.999 
   0.993 
    = 
0.997 
  = 0.979 
    = 
0.997 
  = 0.782 
    = 0.981 
     
(Base model with 
threshold B) 
 
    = 0.996 
    = 0.998 
 
  = 0.995 
    = 
0.998 
  = 0.980 
    = 
0.998 
  = 0.761 
    = 0.978 
    
(Base model with 
threshold C) 
 
     = 0.988 
    = 
0.994 
 
  = 0.974 
    = 
0.995 
  = 0.808 
    = 0.985 
    
(Lower resistance 
value scheme) 
 
      = 0.994 
    = 1 
 
  = 0.741 
    = 0.976 
     
(Middle resistance 
value scheme) 
 
       = 0.740 
    = 0.976 
 
    
(only based on 
Euclidean 
distance) 
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6.3.4 Ranking of nodes 
Statistical comparison of the ranking of nodes based on different modelling assumptions 
revealed that the ranking of nodes is robust to the different resistance values and different 
maximum effective distances. In this study nodes were ranked based on their contribution to 
connectivity and traversability of the species network, which were calculated by using the 
two metrics of degree centrality and betweenness centrality as explained in Section 5.2.3.1. 
Table  6.4 shows the correlation of nodes’ rankings resulting from different sensitivity tests. 
The ranking of nodes had a high correlation based on the application of the two metrics, 
although the correlations of the nodes’ rankings based on degree centrality were higher. 
Applying betweenness centrality, ranking of nodes based on the Euclidean distance had a 
very low correlation with ranking of nodes based on other modelling approaches that 
incorporated the cost of movement (Table  6.4). There was a small correlation between the 
nodes’ rankings resulting from the Euclidean model and the Base model and there was no 
correlation between the rankings in the Euclidean model and the rankings of the lower and 
middle models. Compared to betweenness centrality, the ranking of nodes had higher 
correlations between different modelling approaches when applying degree centrality. 
Generally, when incorporating the resistance of the landscape, regardless of the approach 
taken to establish the resistance values or setting the maximum effective distance, the ranking 
of nodes based on degree of centrality remained stable.  
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Table  6.4 The correlations of nodes’ rankings based on their contribution to connectivity 
(DC) and traversability of the network (BC); the correlation of nodes’ rankings are calculated 
based on Spearman’s rank correlation coefficient.  
    
(Base model 
with 
threshold A) 
 
   
(Base model 
with 
threshold B) 
   
(Base model 
with 
threshold C) 
   
(Lower 
resistance 
value scheme) 
   
(Middle 
resistance value 
scheme) 
   
(based only 
on 
Euclidean 
distances) 
   
(Base model with 
threshold A) 
  
0.908 
 
0.899 
 
0.786 
 
0.820 
 
0.673 
   
(Base model with 
threshold B) 
   
0.811 
 
0.846 
 
0.892 
 
0.613 
   
(Base model with 
threshold C) 
    
0.720 
 
 
0.740 
 
0.731 
   
(Lower resistance 
value scheme) 
     
0.938 
 
 
0.569 
   
(Middle resistance 
value scheme) 
      
0.573 
 
   
(only based on 
Euclidean 
distance) 
      
    
(Base 
model 
with 
threshold 
A) 
 
   
(Base model with 
threshold B) 
   
(Base model 
with threshold 
C) 
   
(Lower 
resistance 
value 
scheme) 
   
(Middle 
resistance 
value 
scheme) 
   
(based only on 
Euclidean 
distances) 
   
(Base model with 
threshold A) 
  
0.995 
 
 
0.993 
 
0.906 
 
0.944 
 
0.932 
   
(Base model with 
threshold B) 
   
0.978 
 
 
0.924 
 
0.957 
 
0.906 
   
(Base model with 
threshold C) 
    
0.878 
 
 
0.921 
 
0.959 
   
(Lower resistance 
value scheme) 
     
0.991 
 
 
0.782 
   
(Middle resistance 
value scheme) 
      
0.831 
 
   
(only based on 
Euclidean 
distance) 
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6.4 Discussion  
By defining three different resistance schemes, and three different thresholds of cost 
weighted distance, the influence of different resistance values and different maximum 
effective distances on connectivity outputs for this study were tested. It was found that the 
network connectivity as calculated by metric C is sensitive to the determination of maximum 
effective distance for the target species. Unlike other metrics such as the expected cluster size 
(O'Brien et al., 2006) or the connector fraction of the IIC metric (Bodin and Saura, 2010), 
calculation of connectivity across several thresholds could not result in the identification of 
the maximum cost-weighted distance by investigating the change behaviour of metric C. 
Setting any greater maximum effective distance allowed more dispersal fluxes to be 
incorporated into the calculation of metric C.  
Metric C was also sensitive to the resistance values that were used to quantify the species 
resistance layer. That was due to the sensitivity of the weights of links as calculated by 
dispersal flux to the differences in the resistance values (Table  6.2). Therefore, a very careful 
approach based on a biological foundation was required to develop the resistance values for 
quantification of the resistance layer. However, the sensitivity of network connectivity did 
not affect the multispecies results of this study as it was shown in Sections 6.3.3 and 6.3.4 
that the location of restoration areas and ranking of nodes remained stable by applying 
different modelling assumptions.  
The location of restoration areas was not affected by different approaches to quantifying the 
resistance layers. Even by ignoring the cost of the landscape and solely based on the 
Euclidean distances, the location of the gaps remained similar. In fact, the location of gaps is 
mainly influenced by the area of habitat patches and their adjacency. That is due to the 
connectivity metrics applied in this study such as metric C and dispersal flux. The metrics 
used in this study placed a greater emphasis on the area of habitats rather than the probability 
of dispersal between the habitats. By placing more emphasis on probability of dispersal rather 
than area in those metrics, the location of restoration areas could become more influenced by 
the resistance values and the maximum effective distances. Adjustment of metric C and 
dispersal flux can be a subject for future studies. Detailed quantification of the resistance 
layer is important and essential for designing the actual linkage between pairs of habitats 
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(Sawyer et al., 2011) but it is not significant when only the locations of the restoration areas 
are identified within the landscape using the same algorithm as this study.  
The results of the sensitivity analysis on node rankings are in line with the results by Foltete 
et al. (2012) who claim that the global significance of the nodes is relatively stable by varying 
the maximum effective distances. This research has demonstrated that unless using the 
Euclidean model, the ranking of nodes based on betweenness centrality is not significantly 
influenced by using different resistance values and maximum effective distances. The ranking 
of nodes based on degree centrality is highly stable by taking different modelling approaches 
and is not highly affected by different resistance values and maximum effective distances. 
Overall, based on the above discussion, the species-specific connectivity outputs such as 
ranking of nodes and location of gaps are valid to be employed in multispecies assessment of 
connectivity. 
The weights of the link, resulting from the sensitivity tests 2 and 3 had high associations with 
each other. That was because of the approach in determination of the resistance values in the 
two tests which were based on the maximum effective distance and expert estimation of the 
maximum dispersal distance of species. This research suggests the prior determination of the 
maximum effective distance when quantifying the resistance layers to avoid any difficulty in 
determination of the maximum effective distance as was experienced in this study.  
Further to what was tested in this study a future area of sensitivity analysis would be to test 
how experts’ opinions on dispersal ability of species could change the outputs of this study. 
Furthermore, it would be worth testing the sensitivity of connectivity outputs of this study to 
different connectivity metrics. Investigating the sensitivity of the connectivity outputs to the 
aggregation of pixels and to the pixel size as established for this study (see Section 5.1.3) is 
another area for future sensitivity analysis. It could also be important to evaluate the 
connectivity outputs by using the actual field data on the dispersal ability of species between 
habitat patches and to test the genetic variation between occupied habitats. This could reveal 
in more detail if the probabilities of dispersal, by which the links are weighted in this study, 
are biologically realistic.  
Finally, due to computation limitations, the networks for this study were constructed by 
connecting each node to its adjacent nodes. It would be worth testing how the topological 
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relationships of nodes in the network potentially can affect the connectivity results. For 
instance betweenness centrality is a topological metric and so there could be a suspicion that 
a different approach to establishing the topology between nodes varies the nodes’ rankings 
resulting from this metric. As a future area of study the sensitivity of connectivity outputs to 
the topology could be tested by constructing a complete network in which each node is 
connected to all other nodes and then comparing the connectivity outputs resulting from the 
two approaches.   
 
6.5 Summary 
A specific sensitivity analysis, comprising four different tests, was designed to understand the 
validity of connectivity outputs of this study prior to overlaying them and conducting the 
multispecies assessment. The four tests were specifically designed to analyse the sensitivity 
of the connectivity outputs to different resistance values by which the resistance layers could 
be quantified, as well as different determinations of maximum effective distance. The tests 
were mainly conducted by using the input data and the network of the Fat-tailed Dunnart. 
Test one tested the sensitivity of connectivity outputs to three different thresholds of effective 
distances and the resistance values were similar to what was applied in constructing the 
species-specific networks of this study and were termed ‘base resistance scheme’. Then for 
test two, the resistance layer of the Fat-tailed Dunnart was reclassified to a new scheme 
resulting from the lower bound estimation by experts on the dispersal ability of the species 
and that was termed ‘lower resistance scheme’. Test three investigated another set of 
resistance values that was determined based on the best estimation by experts on the dispersal 
ability of the Fat-tailed Dunnart and the values were termed ‘lower resistance scheme’. Test 
four was conducted only by considering the Euclidean distance without incorporating the cost 
of movement. Results from the four tests revealed that although the probability of dispersal 
along the links and the total connectivity of the network were relatively sensitive to the 
determination of resistance values and maximum effective distances, the location of 
restoration areas and the significance of habitats for connectivity remained relatively stable. 
This indicates that the species-specific connectivity results are valid for employment in 
multispecies assessments of connectivity which is the subject of the next chapter.  
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Chapter 7. Implementation: combining the 
species networks 
 
Using graph theory, habitats networks were determined for the four target species of this 
study. Using a number of graph-based metrics, habitats of each species were ranked in terms 
of their contribution to the overall connectivity of the network and to the traversability of the 
network by acting as stepping stones for the dispersal of the species between larger habitats. 
Furthermore for each species network, connectivity restoration areas were identified where 
there is a high possibility to improve connectivity. Sensitivity tests on networks showed that 
varying the cost threshold or the resistance scheme does little to affect the prioritisation of 
habitats or identification of restoration areas. Therefore, species-specific connectivity outputs 
are valid to be employed in the multispecies assessment of ecological connectivity in 
Metropolitan Melbourne.  
This chapter discusses a method used to combine the connectivity outputs resulting from the 
assessment of the species-specific networks. The multispecies study is divided into two 
sections of maintaining and restoring ecological connectivity. The method to combine the 
species-specific connectivity results is discussed, followed by results on ranking the entire 
urban landscape in terms of its importance in maintaining connectivity as well as for 
identifying those areas that are suitable for restoration of ecological connectivity relevant to 
the four target species. Finally, two examples are presented to show the practicality of the 
network approach in ranking the multispecies restoration scenarios for the landscape based on 
their benefit to connectivity of species habitats.  
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7.1 Method  
7.1.1 Maintaining ecological connectivity for Metropolitan Melbourne  
It was explained in Section 5.4.4.3 that for each target species, its habitats were ranked by 
using three connectivity metrics: recruitment, degree centrality and betweenness centrality. 
As the output of the application of the metrics, three maps were produced for each species, in 
each of which species habitat patches were ranked based on their significance in relation to 
other habitat patches. The highly ranked habitats based on metrics recruitment and degree 
centrality are those which have a greater contribution to connectivity of species habitats and 
the highly ranked habitats based on metric betweenness centrality are those that have a 
greater contribution to traversability of the species networks. The highly ranked habitats 
based on betweenness centrality are more likely to act as stepping stones in dispersal of 
species across the landscape. To assess ecological connectivity of Metropolitan Melbourne by 
a multispecies approach, the ranked habitats of the target species were overlaid and combined 
and all the urban habitats were prioritised based on their significance to connectivity. This 
approach was conducted once to combine the species habitats that are ranked based on 
contribution to network connectivity, based on metrics recruitment and degree centrality and 
once again to combine the species habitats that are ranked based on their contribution to 
traversability of the networks, based on metric betweenness centrality.  
In order to combine the ranked habitat maps, the software Zonation v.3.1 (Moilanen et al., 
2012) was used. Zonation is a software package for conservation prioritisation and planning 
based on a multispecies approach. The software is designed to identify those areas that are 
more important for persistence of biological populations within the given landscape. Zonation 
software processes the input habitat maps of any number of species by overlaying and 
merging them all together and produces a single raster map with all the species habitats 
included. Then the pixels of raster are prioritised based on their biological values by eroding 
the least valuable pixels from the habitat patches while calculating the minimum marginal 
loss of biological values (Moilanen et al., 2012). The value of the pixels refers to the number 
of species that are occurring in that pixel (species richness), the relative importance of those 
species compared to other species (species weights) and the size of associated habitat patches 
that the pixel belongs to. As a result, a text file is generated in which each pixel of the 
landscape is ranked according to its importance for conservation of the species under study. 
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Zonation software also is able to consider several other environmental and social factors for 
ranking of pixels such as considering the planning zones and policies or calculating habitat 
connectivity (Moilanen et al., 2012). However, due to this study’s specific purpose of 
identifying the significant urban habitats for maintaining ecological connectivity, several of 
its unnecessary functionalities were deactivated. Also all the four species were assigned the 
same weight of ‘1’ in the prioritisation process of Zonation. That means that the four target 
species are equally important for conservation purposes in Metropolitan Melbourne. Because 
the inputs of the Zonation software in this study are the species habitat maps that are ranked 
by their connectivity values, there was no need for further connectivity investigation by the 
software and therefore the connectivity calculation of the software was deactivated. The 
software required a ‘Warp Factor’ setting for it to process the cell removal. The Warp Factor 
refers to the number of pixels removed in each iteration of the erosion process. The Warp 
Factor for this study was set to ‘1’ to attain the finest solutions for the landscape as there were 
numerous very small patches in the input dataset.  
The ranked habitat maps of the target species in terms of one of the connectivity metrics, 
betweenness centrality or degree centrality, were employed into the Zonation software
26
. 
Therefore four layers were fed into the software in each run. The species habitat maps were 
merged and the entire landscape was prioritised in terms of either of the connectivity metrics. 
The ranked habitat based on recruitment was not included in prioritisation by using Zonation 
because the algorithm of the software is already designed to assign greater ranks to the 
relatively larger patches. The area of the patches is influential in Zonation prioritisation and 
pixels belonging to the larger sizes achieve higher ranks. Also in Section 5.4.4.3 it was 
explained that the metric degree centrality was calculated for the species networks when they 
are weighted by dispersal flux (Equation 5.6) and therefore the area of habitats was 
influential in their rankings based on metric degree centrality. As discussed, Zonation also 
counts the habitat areas when ranking the cells of the landscape. Therefore, to avoid double 
counting of area of habitats, once again metric degree centrality was recalculated for the 
species networks that were weighted by probability of dispersal (Equation 5.3) rather than 
dispersal flux. By this approach the importance of habitats for connectivity is calculated 
                                                 
26
 Input habitat maps were employed as four Ascii files (.asc extension). 
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based on the topology of habitats and the cost of movement between habitats, and the area of 
habitats will be calculated as part of the Zonation erosion process. Basic statistics were 
studied on the value of pixels inside and outside of the Urban Growth Boundary
27
. The 
geographical locations of the highly ranked habitats were identified across the study area.  
In order to compare the difference between rankings of urban habitats by considering their 
connectivity values with the rankings of habitats when their connectivity values are not 
incorporated in conservation planning, once again the species habitats without any 
connectivity values were fed into the Zonation software. Zonation ranked the urban habitats 
based only on their area and species richness, and the connectivity significance of the habitats 
was ignored. The results of that process were compared with the results of the first two 
processes when habitats were ranked based on metrics degree centrality and betweenness 
centrality. The outputs of the three Zonation processes were compared by deducting the 
ranking of the landscape cells from each other
28
. The pixels with a positive value greater than 
zero were the areas that can be underestimated in terms of their contribution to ecological 
connectivity of the landscape in cases where connectivity values are ignored in conservation 
planning.  
7.1.2 Restoration of ecological connectivity for the urban region  
The next step in the multispecies study of connectivity was to identify the areas where there 
is a higher potential to enhance ecological connectivity of the study area effectively. These 
areas were termed ‘restoration areas’ and were identified for each target species individually 
by using the approach that was explained in Section 5.3. To identify the multispecies 
restoration areas across the entire landscape, species-specific restoration zones were 
combined. Multispecies restoration areas are where there is a possibility to enhance the 
structure of the landscape for more than one species. In order to combine the species 
restoration areas, their values were reclassified
29
 to the same value of ‘1’. Therefore the 
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 Using zonal statistics function of ArcGIS. 
28
 Using the raster calculator in ArcGIS. 
29
 Using reclassify function of ArcGIS. 
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species restoration areas became a set of binary raster layers in which each cell was either a 
restoration area or not. The value ‘1’ pointed to the number of target species involved in that 
given restoration area. The species-specific rasters were then overlaid and their values were 
added to each other
30
. The resultant raster indicated those areas where there is a potential to 
restore ecological connectivity for multiple species.  
7.1.3 Prioritisation of restoration scenarios 
The graph theory approach enables connectivity studies to be conducted at both regional and 
local scales. Once the restoration areas were identified in the regional scale, a couple of the 
multispecies restoration areas were selected in order to compare the suitability of connectivity 
restoration scenarios at the local scale. The two restoration areas were named Area A and 
Area B. Areas A and B are of the same extent and both involve the Lace Monitor, the Fat-
tailed Dunnart and the Growling Grass Frog. Enhancement of ecological connectivity was 
hypostasized as a restoration scenario in the two zones. Potential enhancement in ecological 
connectivity in each zone was defined as the summation of the total improvement in 
connectivity of species-specific networks which were affected by the restoration scenario. 
Using metric C (Equation 5.7), the percentage of restored connectivity for the species 
network was calculated as:  
                            ⁄             (Equation  7.1) 
where            refers to connectivity of species network after restoration of the landscape 
structure in the given restoration area,        refers to connectivity of the network before 
restoration and          is the ideal condition of network connectivity in which all pairs of 
nodes are completely connected (probability of dispersal =1) (see Section 5.2.2 for further 
explanation). The percentages of restored connectivity for each species were summed to 
determine the overall enhancement in ecological connectivity in the given area. The 
percentages of restored ecological connectivity in the two areas were compared and the area 
with greater potential ecological connectivity was identified as the most suitable location to 
maximise connectivity more effectively.   
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 Using the cell statistics function of ArcGIS. 
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7.2 Results 
7.2.1 Ranking of urban habitats for maintaining ecological connectivity 
As the output of combining species-specific results in Zonation software, two maps
31
 were 
developed in each of which every pixel within the study extent was ranked based on metric 
degree centrality or metric betweenness centrality relevant to the four target species. The 
ranking of pixels were between 0 and 1 where smaller ranks refer to those cells that were 
removed in the early stage of cell removal of the Zonation process and cells with higher ranks 
were removed at the last stage of the process. The ranking of the pixels was classified into 
five categories by including 20 percent of pixels into each category
32
. Figure  7.1 shows the 
ranking of urban habitats based on the two metrics of degree centrality and betweenness 
centrality. While all urban habitats are important for persistence of the target species, the 
highly ranked habitats are recognised as more important in maintaining ecological 
connectivity of the landscape. The highly ranked habitats based on the metric degree 
centrality indicate those habitats that have a greater contribution to the ecological 
connectivity of Metropolitan Melbourne and so are more important. The highly ranked 
habitats based on the metrics betweenness centrality identifies those that contribute to 
traversability of the landscape and so are more likely to act as stepping stones in the dispersal 
of the four species. Conservation and protection of highly ranked habitats effectively 
maintain the ecological connectivity in the study area in relation to the four target species.  
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 Ascii files in ArcGIS which then was converted to raster layers. 
32
 Using Quintile function of ArcGIS. 
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Figure  7.1 Rankings of urban habitats based on (a) metric degree centrality (b) metric 
betweenness centrality: the darker green colour illustrates the highly ranked habitats in the 
landscape and the dark red colour indicates the relatively least important habitats in terms of 
their connectivity values.  
 
7.2.1.1 Geographical location of the important habitats for maintaining ecological 
connectivity 
Figure  7.2 shows the geographical location of highly ranked habitats based on metric degree 
centrality indicating those habitats that are important to connectivity of the urban landscape. 
The majority of highly ranked habitats based on their contribution to connectivity are located 
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outside the Urban Growth Boundary (see Section 4.1 for definition) within the urban fringe. 
The mean rank of habitats in the urban fringe is 0.529 with the maximum rank of 1. However, 
the mean rank of habitats inside the Urban Growth Boundary was only 0.28 with the 
maximum rank of 0.98. Within the urban fringe, the highly ranked habitats are scattered in 
the south west, north, east, and south east. 
 
Figure  7.2: The geographical location of prioritised habitats based on DC metric relevant to 
the Urban Growth Boundary and the Local Government Areas.  
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Figure  7.3 shows the geographical location of highly ranked habitats based on metric 
betweenness centrality indicating those habitats that act as the stepping stones in dispersal of 
the target species. The highly ranked stepping stones are also located along the urban fringe 
with a few cases appearing inside the Urban Growth Boundary. The mean rank of pixels in 
the urban fringe is 0.53 with the maximum of 1. However, the mean rank of pixels inside the 
Urban Growth Boundary is only 0.26 with the maximum rank of 0.979. The highly ranked 
habitats are the important stepping stones for the dispersal of the target species that are 
located in the west, north, north east, east and south east. Inside the Urban Growth Boundary 
the more important stepping stones are located in the south west, north and along the Yarra 
River (Figure  7.3). 
188 
 
 
Figure  7.3: The geographical location of ranked habitats based on metric betweenness 
centrality in relation to the Urban Growth Boundary and the Local Government Areas.  
 
7.2.1.2 Incorporating the connectivity results into the decision-making 
Running the Zonation on the binary habitat maps of the target species without incorporating 
their connectivity rankings resulted in a raster layer in which the pixels were ranked only 
based on the area of the associated habitats and the species richness in that pixel (see Section 
7.1.1 for definition) (Figure  7.4). Area and species richness refers to internal ecological 
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values of the habitats and does not refer to either the spatial arrangement of habitats to each 
other or the resistance of the matrix between the habitats and the movement ability of the 
species across the matrix.  
 
Figure  7.4 Ranking of habitats based on their area and their species richness by ignoring their 
importance to ecological connectivity. 
 
Comparing the rankings of urban habitats based on their connectivity importance calculated 
by metrics degree centrality and betweenness centrality with the rankings of the habitats 
without incorporating their connectivity values revealed those areas whose connectivity 
values can be underestimated in conservation planning and decision-making (Figure  7.5). 
Incorporating the connectivity contribution of habitats resulting from the network approach 
of this study can vary the priority areas for biological conservation and identify those urban 
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habitats that may appear less important but that in fact play a significant role in maintaining 
the dispersal of biological populations across Metropolitan Melbourne.  
 
 
 
 
191 
 
Figure  7.5 Comparison of rankings of urban habitats in cases when connectivity values of 
habitats are not incorporated into prioritisation with cases when connectivity significance of 
habitats are incorporated based on using (a) metric degree centrality (b) metric betweenness 
centrality 
 
7.2.2 Restoration areas for enhancing ecological connectivity 
By combining the restoration areas specific to each target species, a unique raster map was 
developed showing the connectivity restoration areas across Metropolitan Melbourne for the 
target species by the number of species involved in each particular area (Figure  7.6). The 
identified restoration areas provided opportunities to enhance the structure of the urban 
landscape and improve ecological connectivity. Some of the restoration zones were 
recognised as suitable for connecting the habitats of two or three of the target species, 
suggesting an opportunity to jointly manage the structure of the landscape for multiple 
species in those areas. The main proportion of the connectivity restoration areas appeared 
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across the urban fringe of Metropolitan Melbourne (Figure  7.6). Multispecies restoration 
areas appeared in the west, north, east and south east. Within the Urban Growth Boundary 
there are only a few areas where restoration of the landscape structure can improve ecological 
connectivity significantly. Those areas mainly appeared near the south west, north and south 
east edges of the boundary (Figure  7.6).  
 
Figure  7.6 The geographical location of restoration zones relevant to the Urban Growth 
Boundary and the Local Government Areas.  
 
Figure  7.7 illustrates the areas where ecological connectivity needs to be restored across the 
study area in relation to the areas where ecological connectivity needs to be maintained. 
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Based on the specific algorithm that was applied to detect the restoration areas, they mainly 
appeared around the large size habitats that are located in the urban fringe. As there was a 
high association with areas of habitats and their contribution to connectivity, the connectivity 
restoration areas mainly appeared near the highly ranked habitats by applying metric degree 
centrality.  
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Figure  7.7 The location of the restoration areas in relation to highly ranked habitats based on 
the application of (a) metric degree centrality (b) metric betweenness centrality.  
 
7.2.3 Prioritisation of restoration scenarios  
Two multispecies restoration areas of six square kilometres were selected (Area A and Area 
B) in order to compare their potential influence in improvement of ecological connectivity 
across Metropolitan Melbourne (Figure  7.8 and Figure  7.10). Within both areas, there is a 
potential to improve connectivity of habitats for the Fat-tailed Dunnart, the Growling Grass 
Frog and the Lace Monitor. By enhancing the structure of the landscape in Area A, 
connectivity between eight pairs of habitats of the Fat-tailed Dunnart, six pairs of habitats of 
the Lace Monitor and two pairs of habitats of the Growling Grass Frog will be improved 
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(Figure  7.8). This means that by restoration of the landscape structure in Area A, connectivity 
of the species network will be improved 0.327 percent for the Fat-tailed Dunnart, 0.0763 
percent for the Growling Grass Frog and 0.0007 percent for the Lace Monitor (Figure  7.9). 
As ecological connectivity is defined as the total capacity of the landscape for biological 
fluxes, the above-mentioned values were summed to measure the enhanced ecological 
connectivity in Area A. By restoration of the landscape structure in Area A, the total 
ecological connectivity will be improved by 0.4 percent.  
 
Figure  7.8 Restoration scenario in Area A: (a) shows the geographical location of Area A in 
relation to the Urban Growth Boundary.  The dashed square illustrates a typical scenario for 
restoration of landscape in Area A. (b), (c) and (d) show the restoration scenario in relation to 
the location of habitats of the Lace Monitor, the Fat-tailed Dunnart and the Growling Grass 
Frog respectively.   
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Figure  7.9  Potential enhancement in connectivity of species habitats by restoration of Area A 
 
With a similar approach for Area B there is potential to enhance connectivity between 11 
pairs of habitats of the Lace Monitor, seven pairs of habitats of the Growling Grass Frog, and 
11 pairs of habitats for the Fat-tailed Dunnart (Figure  7.10). This potentially enhances the 
habitat connectivity of the Lace Monitor, the Growling Grass Frog and the Fat-tailed Dunnart 
by 0.0001, 0.8, and 1.3 percent respectively (
 
Figure  7.11). Therefore there is potential to improve ecological connectivity of the study area 
by 1.38 percent in total only by restoring the structure of the landscape in Area B. The 
comparison of the potential enhancement of ecological connectivity in Areas A and B 
revealed that restoration of Area B is more beneficial in terms of the amount of connectivity 
that adds to the structure of the landscape rather than restoration of Area A. 
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Figure  7.10 Restoration scenario in Area B: (a) shows the geographical location of Area B in 
relation to the Urban Growth Boundary.  The dashed square illustrates a typical plan for 
restoration of landscape in Area B. (b), (c) and (d) show the restoration scenario in relation to 
the location of habitats of the Lace Monitor, Fat-tailed Dunnart and the Growling Grass Frog 
respectively.   
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Figure  7.11  Potential enhancement in connectivity of species habitats within Area B. 
 
7.3 Discussion 
Graph theory was successfully applied to the multispecies assessment of ecological 
connectivity in Metropolitan Melbourne. By using the network approach it was possible to 
investigate the global contribution of the habitats in connectivity for a specific species as well 
as for multiple species. The important habitats of the study area in terms of their contribution 
to ecological connectivity as well as being stepping stones were identified. The highly ranked 
urban habitats are subjects for more careful conservation and management to be protected 
from the negative impacts associated with urbanisation. They are the areas that play a critical 
role in the structure of the urban landscape to facilitate the dispersal of the four target species. 
Protecting and enlarging these areas could retain and maintain ecological values of the 
existing habitats to facilitate the dispersal of biological populations. 
Use of Zonation software assisted with prioritising the units of the landscape in relation to 
their connectivity value and the number of species involved. However, due to its algorithm, 
Zonation assigns higher ranks to the larger patches. This potentially can mislead the results of 
ranking of the landscape based on metric betweenness centrality, which is meant to be solely 
based on the topological status of the habitats in relation to other habitats rather than their 
ecological values. This study suggests the use of another prioritisation algorithm that does not 
incorporate the area of patches while prioritising them based on metric betweenness 
centrality.  
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Comparing the rankings of urban habitats by considering their contribution to ecological 
connectivity and without their consideration to connectivity, revealed a large proportion of 
urban habitats that are important for the dispersal of biological populations but can be 
underestimated in conservation planning when connectivity values of the habitats are not 
incorporated into the assessment. Such connectivity outcomes resulting from the network 
approach are fundamental to biological conservation, supporting the decision-making in 
recognising high connectivity value habitats and setting them as priority areas for supporting 
biodiversity in an urban landscape.  
The graph theory based approach provides an opportunity to prioritise conservation and 
management actions and to investigate their influence on each species as well as the whole 
biodiversity. Identifying the connectivity restoration areas in the structure of a landscape 
enables the restoration of the landscape by a more comprehensive insight into the species-
specific considerations, while generalising their need to establish united plans and decisions. 
Restoration aims to return the degraded structure of the landscape to a more valuable 
structure in a conservation sense (Hobbs, 2007). That restored structure is able to support 
biological populations by facilitating their dispersal across the landscape. Restoring 
ecological connectivity within the identified areas guides management and decision-makers 
to focus on the most effective areas across the landscape where connectivity can be enhanced 
significantly. The structure of the landscape can be restored within the identified restoration 
areas by taking different approaches, such as reducing the resistance of the landscape by 
softening the matrix and establishing diverse vegetation and land cover types, establishing 
structural corridors between pairs of habitats, and providing additional habitats such as small 
stepping stones in close proximity to each other (Bennett, 2003; Doerr et al., 2010; Fischer 
and Lindenmayer, 2007; Schmiegelow, 2008). It is also necessary that any restoration 
scenarios are again investigated in detail and the candidate habitats for inter-patch 
connectivity become validated by field data on occupancy by the species under study and 
their suitability for supporting inhabitant species determined. 
The two connectivity restoration scenarios presented and compared in this study (Section 
7.2.3) were solely based on their potential influence on improvement of ecological 
connectivity by ignoring urban planning rules and guidelines associated with enhancement of 
the structure of the landscape. That was only to show the practicality of the network approach 
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to be effective in studying ecological connectivity by species-specific consideration. Using 
the above-mentioned approach, more complicated restoration scenarios can be defined for 
conservation prioritisation in order to identify the optimum solution for the landscape. The 
restoration scenarios need to be adapted for land tenure, land use status, urban planning 
policies and regulations, and any other social and cultural aspects of such modification in the 
structure of the urban landscape.  
 
7.4 Summary 
With a multispecies approach, species-specific connectivity outputs were overlaid and 
combined. This allowed identification of those areas in the landscape which had a higher 
priority for maintenance and restoration of the landscape structure that led to the 
enhancement of ecological connectivity. Combining the species habitats ranked by metric 
degree centrality by the use of Zonation software, revealed those habitats that have a greater 
contribution to the ecological connectivity of the entire landscape. Combining the species 
habitats ranked by their betweenness centrality, revealed those habitats that are stepping 
stones for biological movements across the landscape. This study revealed that the majority 
of the urban habitats with higher connectivity values are located in the urban fringe.  
By combining the species-specific restoration areas, those areas that can be restored for 
multiple species were identified. Two selected multispecies restoration areas were compared 
in terms of their potential influence in the enhancement of ecological connectivity. The 
comparison of the two areas highlights the practicality of the network approach to prioritise 
the multispecies restoration scenarios by species-specific consideration of connectivity. The 
network approach was successful in both the multispecies approach and the species-specific 
considerations while studying ecological connectivity.  
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Chapter 8. Synthesis and Conclusions 
 
In Chapter 5 habitat networks were modelled and connectivity of the network models was 
assessed individually for four ground-based species (i.e. the Lace monitor, the Growling 
Grass Frog, the Fat-tailed Dunnart, and the Southern Brown Bandicoot) within Metropolitan 
Melbourne. The sensitivity of species networks to different assumptions was tested to 
investigate the potential uncertainty associated with species connectivity outputs (Chapter 6). 
Once the species-specific connectivity outputs were validated, then the connectivity outputs 
were combined and ecological connectivity was assessed for the four species together 
(Chapter 7). This chapter discusses the importance, advantages and limitations of the applied 
method and explains how the method could be further developed with the potential to lead to 
more rigorous results. The chapter starts with a summary of the findings of the research by 
highlighting the importance of the method. The current limitations of the method are 
explained and recommendations are made on how to improve the current practice. This is 
followed by the proposal of an enhanced multispecies method for the study of ecological 
connectivity that is not affected by the recognised limitations in current practice, is proposed. 
This chapter ends by suggesting further areas for research in this field and overviewing the 
answers to the research questions.  
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8.1 Findings of the research 
The consequence of urbanisation within landscapes is a highly modified mosaic of land uses 
and land covers in which species habitats become fragmented and isolated. Ecological 
connectivity can be seen as facilitating the movement of species, and the transfer of their 
genes, to suitable habitats across the landscape. Measuring connectivity for the urban 
landscape is species-specific, which means that the same landscape may have a different 
degree of connectivity for different species. To support biological conservation planning and 
decision-making within urban landscapes, the following criteria need to be considered when 
studying connectivity: 
 Structural attributes of the habitat patches 
 Proximity of habitat patches to each other 
 Cost of movement from one patch to another where cost refers to the impedance of 
the landscape to the dispersal of a particular species 
 Topology and spatial arrangement of habitats 
 Habitat availability or intra-patch connectivity 
 Species-specific movement characteristics and habitat preferences 
 A multispecies approach to biodiversity for an entire region 
There are diverse sets of connectivity methods that can be applied such as empirical studies, 
structural modelling and functional modelling approaches, but modelling based on graph 
theory has the capacity to satisfy the above-mentioned criteria while being applied to 
connectivity studies. Graph theory is well-suited to the structural attributes of a highly 
modified urban landscape and the spatial heterogeneity within the urban landscape. That is 
because of the fragmented and isolated pattern of habitats in the urban landscapes which is 
adapted to the structure of a graph model. Despite the high performance of the graph-based 
approach in several connectivity studies, so far graph theory has not been applied to a 
multispecies study in which the species under study have different habitat requirements. This 
research study developed a successful application of graph theory for multispecies 
investigations.    
To apply graph theory to the study of ecological connectivity in Metropolitan Melbourne, 
species-specific networks were constructed for a selected number of threatened native species 
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and the resultant networks were measured using a set of graph-based metrics. The 
connectivity outcomes of the measurements were then overlaid and combined in order to 
conduct a multispecies assessment. In addition to the novelty of this method, the different 
steps taken throughout this research study enabled further useful findings to be achieved that 
contribute to the valuable body of knowledge in this field. These additional results are 
outlined in this section, and in the next section the multispecies method, as a general concept, 
is addressed.  
8.1.1 Suitable set of graph-based metrics to measure connectivity 
The application of a diverse set of metrics to four target species, with different movement 
characteristics and habitat requirements, and testing the sensitivity of metrics to different 
modelling assumptions, allowed the establishment of those metrics that inform and address 
different dimensions of connectivity in the landscape. The metrics probability of dispersal 
(   ), dispersal fluxes (    ), Metric C, recruitment, betweenness centrality and degree 
centrality, in the ways that they were used in this study, were successful in measuring the 
connectivity of the urban landscape. The metrics are deemed applicable for measuring the 
characteristics of the links, network connectivity, and the nodes. 
8.1.1.1 Measuring pairwise habitat connectivity 
The application of probability of dispersal (   ) allows the weighting of the links by using a 
probability approach and by considering the link that reflects the small chances of dispersal 
between habitats. Incorporating the cost of movement into     results in realistic estimations 
of connectivity between habitat patches as the dispersal of the species is affected by the 
resistance of the landscape. Due to the modified and heterogeneous structure of the urban 
landscape, incorporating the cost of movement is required when studying the connectivity 
(see Section 2.2.3). This was clearly shown in the sensitivity tests presented in this study 
(Sections 6.3.3 and 6.3.4) where the rankings of species habitats resulting from such an 
approach differed from the prioritisation solely based on Euclidean distances and when 
ignoring the resistance of the landscape.  
The metric dispersal flux (flux) provides information on the level of biological movements 
based on the recruitment of habitat patches and the probability of dispersal between the 
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habitat patches. Weighting the links by flux helps to determine the capacity of the network for 
biological fluxes, indicating the amount of dispersal between the pairs of habitats. Testing the 
sensitivity of the metric by varying the resistance value schemes and the maximum cost-
weighted distance of the species revealed that the ranking of links by the metric dispersal flux 
is not significantly affected by the resistance value schemes and the distance thresholds set 
for the species.  
8.1.1.2 Assessing network connectivity 
In Section 5.2.2, metric C was applied to monitor the connectivity of the urban landscape for 
four target species. Metric C was defined as the total of inter-patch connectivity (dispersal 
flux along the links of the species network) as well as the intra-patch connectivity. Metric C 
met the required criteria to study connectivity for the urban landscape such as considering the 
structural attributes of the species habitat and their spatial arrangement, the resistance of the 
urban landscape, and the movement characteristics of the given species while dispersing. The 
application of the metric was successful in revealing the degree of connectivity of the 
landscape for each species. The use of metric C enables the comparison of proportions of 
landscape connectivity belonging to inter-patch connectivity and intra-patch connectivity. 
Using the percentage of metric C allows the comparison of connectivity of the same 
landscape for different species. The sensitivity test revealed that metric C is sensitive to the 
determination of maximum Euclidean distance and effective distance (see Section 6.3.1). 
This highlights the need for a biologically meaningful determination of the maximum values 
to achieve the rigorous estimates of connectivity. In the absence of such a biological 
foundation, this study established the maximum effective distance based on the opinion of 
experts who are specialists in the spatial ecology of the target species and through a 
questionnaire survey (Appendix E).  
8.1.1.3 Measuring the significance of habitats 
This study demonstrates that recruitment, degree centrality and betweenness centrality are a 
suitable set of metrics to quantify the global significance of the given habitat patches for the 
connectivity of the landscape. This study revealed that recruitment and degree centrality, 
based on flux, can be applied as a surrogate to the node removal algorithm due to the high 
association that was found in the ranking of habitats by the application of the two measures 
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while studying networks of the four target species. It was shown by Laita et al. (2011) that 
the node removal algorithm is sensitive to the type of metric that is applied to calculate the 
connectivity of an entire network and a different measure potentially changes the priority of 
nodes. Due to this uncertainty, this study proposes recruitment and degree centrality as 
surrogates for the node removal algorithm, to be applied for investigating the contribution of 
habitat patches in the connectivity of the species network. This research incorporates flux into 
the calculation of degree centrality of habitats. Use of flux makes the metric robust after 
consideration of different determinations of maximum effective distance or resistance value 
schemes defined for the resistance layer (see Section 6.3.4). Because metric flux is a function 
of the structural attribute of the habitats as well as the resistance of the landscape and 
movement ability of the given species, incorporation of that into the metric degree centrality 
provides a more realistic estimation of the significance of habitat patches and the degree of 
their contribution to the overall connectivity of the landscape.  
In line with other studies (Baranyi et al., 2011; Bodin and Saura, 2010), the application of the 
metric betweenness centrality to the networks in this study resulted in different ranking of 
species habitats. The topology of the habitats is central to the ranking of them by using the 
metric betweenness centrality as the metric is known to recognise those habitats that have a 
critical role in traversability through the network (Estrada and Bodin, 2008). This research 
recommends employing metric     to weight the links when calculating metric betweenness 
centrality in order to identify solely the centrality of habitat patches to the biological 
movements. In this case the calculation of the metric betweenness centrality is not only 
affected by the topological relationship between the patches but also by the ecological aspects 
of dispersal in an urban matrix. Results of the sensitivity tests revealed that the rankings of 
habitats based on metric betweenness centrality is relatively consistent by determining 
different resistance values defined for the resistance layer and different maximum effective 
distances. However, calculation of metric betweenness centrality without incorporating the 
cost of movement can vary the results of prioritisation significantly. The two exponential 
resistance value schemes (low and medium schemes) designed in Chapter 6 resulted in the 
high association of habitat rankings based on metric betweenness centrality. That suggests 
that an exponential resistance scheme reduces uncertainty in node prioritisation based on 
betweenness centrality.  
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8.1.2 Gaps detection in species networks 
Gaps in the connectivity networks were detected by designing a new approach in this study. 
Gaps were detected by introducing extra connectivity into the network by increasing the 
weights of links and calculating how the connectivity of the entire network based on the 
metric C is affected. The identified gaps were located across the landscape by buffering the 
associated least-cost paths, which are subject to restoration of connectivity. Because of the 
use of the metric C, the connectivity restoration areas appeared around the large-sized 
habitats that have a higher recruitment and make more of a contribution to ecological 
connectivity. Recruitment is defined as the sum of the quality-weighted area of all the nodes 
in the network.  Landscape managers prefer to have several large habitats connected to 
multiple smaller patches (Minor and Urban, 2008). Restoration areas that were detected in 
this study, based on the approach taken, resulted in a similar arrangement of habitats. 
Locating the gaps based on the applied approach allows for recognition of the potential 
significance of those areas in improving the connectivity of the network and selecting those 
with the greater potential contribution. Therefore, identifying the restoration areas in the 
larger areas and then focusing on them at the local scale, leads to more specific but effective 
restoration scenarios to enhance the connectivity of the entire network.  
This study showed that the applied gap detection approach is robust in determining the 
maximum effective distance and resistance values. Although least-cost modelling is 
potentially a source of uncertainty, sensitivity testing of the results revealed that as long as 
the cost is incorporated into the assessment, varying the resistance scheme or maximum 
effective distance, cannot affect the location of the gaps and, as long as the cost is 
incorporated, the locations of the gaps remain consistent (Section 6.3.3). When applying this 
approach to identifying the gaps across the species habitat network, detailed quantification of 
the resistance layer is not necessary. In turn, the results of the sensitivity tests confirmed that 
the cost of the species dispersal through the landscape needs to be incorporated into the 
analyses when identifying the gaps in the species network.  
8.1.3 The multispecies dimension of the graph-based approach  
The graph-based approach applied in this study is novel in terms of the multispecies aspects 
and species-specific considerations. Urban et al. (2009) emphasised the need to have a 
207 
 
multispecies approach in the application of this theory by overlaying the species-specific 
networks. This study revealed that application of graph theory in conducting a multispecies 
assessment is a valuable addition to the valuable foundation of knowledge on the capability 
of the graph-based approach in connectivity assessment (Dale and Fortin, 2010; Saura and 
Rubio, 2010; Zetterberg et al., 2010). This study is innovative in the way it assessed 
ecological connectivity for four different species which have different habitat requirements 
and hence different networks, and provides an integrated result for the entire landscape.  
By undertaking the multispecies graph-based approach the global contribution of the urban 
habitats was identified for a specific species as well as for the biodiversity of the urban 
landscape. Identifying those habitats that play a critical role for ecological connectivity in the 
modified landscape, is a priority in conservation strategies (Bennett, 2003; Lindenmayer and 
Hobbs, 2007). The approach of this study in overlaying the species networks, and combining 
the connectivity results, provides a holistic method for prioritising urban habitats for 
conservation. The results of the multispecies approach are biologically realistic in terms of 
considering all preferences of the species involved in the study area by avoiding generalising 
the results. A holistic insight over the entire landscape, and a single prescription for 
conservation of the urban landscape, assists with avoiding redundancy or contradiction in the 
decision-making. In the long term this saves on the financial resources required by different 
authorities for such projects. An integrated approach for the entire landscape brings unity and 
consistency to the plans and decisions.  
The multispecies approach designed in this study identified gaps in the urban landscape 
where habitats are poorly connected. This provides opportunities to effectively enhance 
ecological connectivity as suitable for use for multiple species, rather than just for single 
species. Identifying the restoration zones across the urban landscape, with relevance to the 
specified number of species, allows for clearer targets for restoration in specific areas. These 
targets can be used to determine the details of restoration scenarios such as the specific 
movement requirements of a given species. This approach can be more effective for 
restoration compared to structural strategies used to enhance connectivity by connecting all 
native vegetation and green patches to each other as recommended by Doerr et al. (2010). 
Ecological connectivity needs to be studied in relation to the local species of a district. Using 
the multispecies network approach, it is possible to incorporate the movement characteristics 
and dispersal ability of a given species while proposing amendments to the structure of the 
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urban landscape. This leads to more specific scenarios for the urban landscape hence 
eliminating unsuitable restoration projects that ignore the restoration of target species and 
their most suitable habitats. The identified areas provide a guide to managers and decision-
makers as the most influential areas across the landscape.  
The multispecies graph-based approach provides the opportunity to prioritise the connectivity 
results for conservation and management actions. The approach also enables the investigation 
of the influence of restoration scenarios on connectivity and on selecting the optimum 
alternatives suitable. The current practice in the trade-off between two different multispecies 
scenarios revealed the practicality of this approach in the real world (see Section 7.2.3). This 
new approach can be enhanced by introducing more complicated scenarios based on several 
social and environmental dimensions. The capability of this approach in ranking the 
multispecies connectivity results provides an opportunity for trade-off between different 
alternatives and as an outcome selects the optimum approach by comparing various 
dimensions.  
8.1.4 The importance of the graph-based approach 
The graph-based approach designed in this study, and the set of metrics that were used, met 
the criteria that were required for a biologically realistic assessment of ecological 
connectivity for the urban landscapes. This study demonstrated that incorporation of the cost 
of landscape is required when assessing the connectivity in a highly modified landscape (see 
Sections 6.3.3 and 6.3.4). The network approach was well suited to the spatial arrangement of 
the species habitats in the urban landscapes. The structural heterogeneity of the landscape 
could be successfully incorporated in the modelling approach. The application of graph 
theory in this study enabled flexibility in the decision-making as the connectivity results 
provided knowledge on the significance of the urban habitats and the potential contribution of 
identified restoration areas for ecological connectivity. The method provides the opportunity 
for trade-off between several multispecies scenarios. The method is robust if different 
assumptions are made, such as changing thresholds and quantification approaches. 
Conservation studies require robust models that result in tolerable outcomes (Burgman et al., 
2005). The approach presented in this study is robust for a wide range of assumptions and the 
outcomes have a relatively high correlation to each other despite variation in assumptions. 
This reveals the suitability of this method for biological conservation purposes.   
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The approach taken by this study is applicable to different scales by first conducting a holistic 
investigation of the entire landscape to ascertain the priority areas and then focusing on target 
areas at the local scale specific to defined species types. The areas at the local scale, 
identified by the modelling, are more effective for conservation as they are recognised for 
their ecological values for the entire landscape and the biodiversity within the landscape. This 
approach is perhaps a more “correct assessment of the problem” (Hobbs, 2007, page 517) that 
includes all species-specific considerations and requirements by avoiding the generalisation 
of information, but resulting in unique integrated scenarios for the entire landscape.   
8.2 Restrictions and limitations of the current practice  
8.2.1 Input data 
The input data used in this study were a set of binary habitat models in which locations of 
suitable habitats were identified. The data were a useful source of information covering the 
study area of this study and were produced for the target species. However, the binary nature 
of the habitat patches does not allow an understanding of the degree of suitability of the 
habitats for the target species and the quality and internal ecological values of the patch in 
terms of resources available for the species. The results showed the ecological value of the 
patches was only judged based on their size, and so the quality of the patch in regard to the 
probability of being a suitable habitat, the available resources and cover type were all 
ignored. Incorporating such information into the connectivity assessment will improve the 
validity of the results by ensuring the consideration of all the structural attributes of the 
habitat patches while studying connectivity.  
8.2.2 Least-cost modelling 
The least-cost modelling algorithm was applied in this study in order to understand the 
effective distances between pairs of habitats. Although this research also confirms the 
critique against this approach (see Section 5.5.3), the algorithm is well-documented in the 
available and robust software packages which could process the effective distance over the 
regional extent of this study. Moreover, the results of the sensitivity test revealed that 
outcomes of the study are not affected by the application of the least-cost modelling and the 
uncertainty associated with it. Despite the effective algorithm of least-cost modelling within 
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LinkageMapper, the software that was used to generate the LCPs for this study, the process 
was still computationally intense. This caused difficulty and required many hours to process 
the LCPs for the species habitats. In order to avoid the difficulties associated with computing 
a number of thresholds introduced to this study, a small proportion of information was 
eliminated from the connectivity assessment. Enlarging the pixel size of the raster input data, 
processing the LCPs only for the active links and setting the T threshold while processing the 
LCPs, were the controls that were set in this study.  
The aggregation of pixel sizes of the raster grids from 20 to 60 metres resulted in loss of a 
proportion of the habitat patches for the target species. As the most suitable size of habitats 
for the Growling Grass Frog was relatively small, through aggregation the species might lose 
some of its small habitats that were located between larger habitats. That might be the reason 
for the species network having a relatively poor connectivity. Also the results of application 
of the centrality metrics clearly showed a different trend for the Growling Grass Frog relative 
to the other species. This can be due to the uncertainty that was introduced by the threshold of 
the pixel size. While it is possible to achieve more comprehensive results by investigating the 
significance of the habitats in the global context, use of least-cost modelling does not allow 
such an insight for such a large area, by considering smaller sized habitats. Such a 
comprehensive study is beneficial for species that have a large home range size, and powerful 
dispersal abilities, but for small species, such as the Growling Grass Frog with a small viable 
sized habitat, it is a trade-off between the size of the habitat patch and the extent of the study 
area. Smith and Green (2005) confirm that 10 kilometres is the appropriate scale to 
investigate the metapopulation structure of amphibians. Based on the results achieved in 
Section 5.5.3, the author claims that considering the Growling Grass Frog to the regional 
extent of this study is not appropriate. In order to achieve more accurate results, and avoid 
loss of species information, breaking the study area into a number of sub-regions is required.  
8.2.3 Determination of maximum effective distance 
Determination of the maximum effective distance was required to calculate the connectivity 
metrics. Effective distance reflects the actual effect of different cover types on species 
movement and in turn, species survival abundance through that distance. Determination of 
such a threshold was critical to this study. There are generally good sources of information 
available on the maximum Euclidean distance that the species can disperse, whereas such 
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information is often lacking on the maximum effective distance for that species (Sawyer et 
al., 2011). With the lack of such a biological foundation for the interaction of the target 
species with landscape components, the best choice for this study was to rely on expert 
opinion. Testing the sensitivity of the species networks, however, demonstrates that the 
connectivity outcomes, based on the applied method, are not affected by the choice of the 
threshold. This study then demonstrated the quantification of resistance values based on the 
expert opinion and established the maximum effective distance that resulted in a stronger 
association within the connectivity outcomes. To avoid any difficulty in determination of the 
maximum effective distance, this research suggests the determination of the threshold prior to 
the establishment of the resistance values as discussed in Sections 6.2.2 and 6.2.3.   
 
8.3 How to improve the current practice for future applications 
To overcome some of the limitations that were discussed in the application of the 
multispecies approach, and based on the results of the sensitivity tests, this section suggests 
some ways that can assist with establishing an enhanced method for future applications. They 
are listed as follows: 
 As the input data for the study, the species habitat maps in which the patches are 
weighted by their ecological quality should be used.  
 To avoid the computational difficulty associated with least-cost modelling, choice of a 
larger pixel size than what was used in this study is recommended. The larger pixel 
size potentially eliminates some of the suitable size habitats of small species, so for 
those species, breaking the study area into sub-regions is recommended.  
 By increasing the size of the pixel from 30 meters, it is possible to generate LCPs for 
all pairs of nodes rather than only the active links. This results in a rigorous 
assessment of connectivity as it will be possible to consider any small probabilities of 
dispersal between habitats. Therefore, there is no need to choose the active links as is 
the current practice. 
 It is necessary to establish the maximum effective distance for the species prior to the 
determination of resistance values, when developing the species resistance layer. The 
resistance values need to be determined based on the maximum effective distance that 
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the species is able to disperse in general, and the maximum dispersal distances in each 
specific landscape attribute class. This approach assists in calculating the probability 
of dispersal along the least-cost paths using a more biologically meaningful logic.   
 
8.4 How to establish the enhanced graph-based multispecies 
method 
Application of graph theory to studying ecological connectivity in Metropolitan Melbourne 
for four different species resulted in understanding the strengths and advantages as well as the 
shortcomings, of the method. Such practice was required to establish the enhanced 
methodology applicable for studying ecological connectivity in other urban contexts. Based 
on the successful application of graph theory in the urban context, and with the multispecies 
approach, the limitations of the applied method were reviewed and the final optimum method 
was developed and is outlined in this section. The method comprises four key steps: 
 Choice of target species for a given urban region 
 Construction of species-specific networks within that region 
 Connectivity measurement of species-specific networks 
 Combining the connectivity results to assess the ecological connectivity for the 
urban region. 
 
Figure  8.1 Summarises the final version of the graph-based multispecies method. Each step 
achieves the required outcomes that need to be applied for the next step to be implemented.  
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Figure  8.1 Steps of the graph-based multispecies approach; the light green boxes contain the 
output of each step and the dark green ellipses show the final outputs of the whole process. 
 
8.4.1 Choice of target species for the given urban region 
Fundamental to the assessment of ecological connectivity for an urban landscape, is the 
choice of the target species for the study. It is necessary to include the type of species that 
need to disperse between their specific habitats in order to survive long term and maintain 
their viable population within the urban landscape. This requires undertaking an evaluation of 
the critical species where a lack of connectivity between their habitats poses a threat to their 
survival. Candidate target species must be selected through an expert-based approach (Noss, 
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2007). In the case where the number of identified target species is overwhelming and that 
complicates the processing of the networks, a selection of species needs to be identified. 
These species are then considered to be representative of different dispersal abilities and 
movement characteristics of urban biodiversity, as well as different habitat requirements and 
cover types. Species with poor dispersal abilities, keystone species, threatened species, 
conservation priorities and habitat specialists, also need to be listed for the evaluation and 
selection of target species. More explanation on this can be found in Section 1.4.1.1 and in 
Beier et al. (2008). Finally the habitats of the target species need to be isolated and distinct 
from each other to be suitable for the patch analysis of connectivity based on the application 
of graph theory. Therefore those species that have no clear border around their habitats are 
not suitable to be selected for connectivity assessment by the graph-based multispecies 
method. The connectivity for those species needs to be assessed by applying a gradient 
approach.  
Once the list of target species is established, they are evaluated in terms of their interaction 
with each other. For instance, if any of the target species are prey for other species while they 
are dispersing, then an alert needs to be posted at the stage of identifying the restoration areas 
in the landscape. This alert indicates that the species are not to be targeted together in the 
same restoration area. Also the viable size of the habitats for each of the target species needs 
to be determined. The choice of the pixel size, in the next stage for the development of the 
resistance layer, is a trade-off between the time of computation and the minimum viable size 
of habitats for the target species. In cases where a large pixel size is determined for the whole 
process, and the target species has a minimum size of habitat smaller than the size of the 
pixel, the study area needs to be broken into sub-regions for each species.  
8.4.2 Construction of species-specific networks within the urban region 
For each target species, a network is constructed as illustrated in Figure  8.2. The network 
comprises nodes and links. Nodes are the geographical centroid of species suitable habitats 
and links represent the topological relationship between the nodes. Where possible, the 
topological relationship is established by connecting each node to all other nodes in the 
network. For each of the defined adjacency relationships a link is constructed and the 
Euclidean edge-to-edge distance is assigned to the link. 
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Figure  8.2 Steps toward the construction of species network; the light green boxes show the 
output of the method in the middle of the process and the dark green ellipse is the final 
outcome of the process.  
 
A resistance layer is developed for each target species. The maximum effective distance for 
the target species is established as the maximum Euclidean distance the species can disperse 
in its suitable habitats. A number of landscape attributes that affect dispersal of the species 
are selected (such as land use, water bodies, transport infrastructures, vegetation cover types, 
and topography) and their classes are defined. The resistance of the landscape for the target 
species is placed into a number of categories. Based on the maximum effective distance and 
the expert estimation on the dispersal ability of the species in each resistance category, the 
resistance value scheme is designed for the target species. Experts are asked to assign a value 
from the resistance scheme to each attribute class based on their knowledge of species 
movement characteristics and the species potential mortality risk while moving through that 
attribute class. Each landscape attribute is then quantified as a raster grid. The grids of 
216 
 
attribute classes are overlaid and through a cell by cell analysis the maximum resistance value 
is selected and assigned to the final resistance layer.  
The next step involves the species nodes and links and resistance layer being overlaid. The 
effective distance is then processed for each pair of nodes and assigned to the associated link. 
The effective distance can be calculated through the generation of the least-cost path between 
nodes or ideally through the construction of the 10 or 15 percent of the shorter least-cost 
paths as explained by Theobald (2006). The nodes and the links, which are weighted by 
effective distances, are merged to construct the species network to be assessed in terms of 
connectivity in the next step.  
 
8.4.3 Connectivity measurement of species-specific networks 
Measurement of the species-specific networks comprises three stages of measuring the links, 
the entire network and the nodes (Figure  8.3). Metric probability of dispersal (   ), as a 
function of the effective distance, is a suitable metric to show the probability of dispersal 
between two habitats and along the links. Links are then measured by using metric dispersal 
flux (    ) that is a function of the effective distance and the area of the pair of habitats 
associated with the links. Metric dispersal flux shows the amount of biological dispersal 
between the two habitats.  
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Figure  8.3 Steps to assess connectivity of the species networks; the light green boxes show 
the output of the method in the middle of the process and the dark green ellipses are the final 
outputs of the process.  
 
The total connectivity of the landscape is measured using metrics C (Equation 5.7) and C 
percentage (Equation 5.8) as a function of connectivity between and within the habitat 
patches. Nodes are measured using the three metrics of degree centrality, betweenness 
centrality, and recruitment (see Section 5.2.3.1 for definition of the metrics). By applying 
metric degree centrality on the network which is weighted by flux, nodes and their associated 
habitats are ranked in terms of their contribution to species habitat connectivity. Nodes are 
then ranked by applying the metric recruitment as a function of area and the quality of habitat 
patches. Once again nodes are measured by the application of the metric betweenness 
centrality for the network that is weighted by    . As a result the species habitats are ranked 
based on their role as stepping stones to the dispersal of target species across the urban 
region.  
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Gaps in the network are detected by identifying the least-connected pairs of habitat patches. 
The poorly connected habitats were identified by calculating the potential contribution of the 
links to the connectivity using     (Equation 5.12). The greater the potential contribution is, 
the more poorly connected the habitats are. Those highly ranked habitats within the 
biologically reasonable distance are recognised in order to locate the connectivity restoration 
areas in the urban landscape. The area around the associated least-cost paths are identified 
and buffered to indicate the areas targeted for restoration of the connectivity for the given 
species. The restoration of the structure of the landscape within those identified areas 
enhances the connectivity of the species habitats significantly.  
8.4.4 Combining the connectivity results to assess ecological connectivity 
The results of species-specific connectivity assessment are combined in this stage to conduct 
a multispecies assessment of ecological connectivity. The highly ranked areas resulting from 
this stage are targeted for maintaining and restoring ecological connectivity across the 
landscape. The prioritised habitats for the target species based on metric degree centrality are 
overlaid and the pixels of the entire landscape are prioritised in relation to their ranks based 
on degree centrality, as well as the species richness in that specific pixel. The results show 
the prioritised landscape in terms of its contribution to ecological connectivity. Once again, 
by overlaying the prioritised habitats of the target species based on recruitment, the entire 
landscape is prioritised so that each pixel of the output map shows the ecological value of the 
cell, based on its potential to receive or export biological fluxes as well as its species 
richness. Furthermore, the prioritised habitats of the target species in terms of their rankings 
based on betweenness centrality are overlaid. The units of the urban landscape are prioritised 
in terms of their role in facilitating the dispersal of biological populations and acting as the 
stepping stone for their dispersal as well as their species richness.  
The species-specific restoration areas are overlaid and combined in order to identify the 
priority restoration areas within the urban landscape that can effectively enhance the 
ecological connectivity. The final map shows the identified restoration areas across the 
landscape that might be targeted for a single species or multiple species. These are the areas 
that are recognised from a species-specific process but are targeted to be restored using an 
integrated management approach. The restoration areas are subject to more detailed trade-off 
between the urban policies and planning zones and their potential capability to enhance 
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species habitat connectivity, as well as the total ecological connectivity of landscapes. The 
restoration zones for ecological connectivity also need to be validated by field data to ensure 
they are being used by biological populations in that area.  
The proposed graph-based approach enables trading-off between restoration scenarios and 
provides flexibility in decision-making. The methodology is applicable to conservation and 
management studies in highly modified urban environments. The results of the application of 
this method reveal the priority area for maintenance of ecological connectivity as well as the 
potential areas for further design and management to enhance the existing ecological 
connectivity. Such results are fundamental to conservation planning and management, 
supporting decision-making in these fields. 
 
8.5 Response to the research questions 
On the basis of the research achievements, in this section the research questions are 
answered. Ten questions were established in Chapter 1 as follows: 
1. What is the definition of ecological connectivity for urban landscapes for the 
purpose of biodiversity and biological dispersal? What are the benefits of 
ecological connectivity for biodiversity within the urban landscape? 
2. What dimensions and criteria need to be considered while studying ecological 
connectivity?  
3. What datasets are necessary? 
4. What are the contemporary methods that have been applied so far to assess 
ecological connectivity? Which of them is more suitable to be adapted for 
studying the structure of the urban landscapes? 
5. How adaptable are the existing methods to the study of connectivity in urban 
landscapes and can these satisfy the required criteria? 
6. Which measures are appropriate to address different aspects of connectivity in 
the urban landscape?  
7. Given the fact that urban inhabitant species differ in terms of habitat 
requirements and dispersal abilities, does the proposed method consider all 
these differences? 
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8. How robust and practical is the proposed method when applied?  
9. What spatial scales are appropriate for a multispecies approach? 
10. How transferable is the method for use in other urban environments? 
The questions were answered in the previous chapters and are now restated briefly as the 
final conclusions: 
8.5.1 What is the definition of ecological connectivity for urban landscapes 
for the purpose of biodiversity and biological dispersal? What are the 
benefits of ecological connectivity for biodiversity within the urban 
landscape? 
This research question was addressed in Chapters 1 and 2. Connectivity is defined as the 
structural capacity of the urban landscape that allows species movements between their 
habitats. Connectivity is species-specific which means that the same landscape may have 
different connectivity for different species as they have different movement characteristics 
and habitat requirements. Therefore, as a generic concept, ecological connectivity is defined 
as the total capacity of a landscape to facilitate the movement of species between their 
habitats.  
Highly urbanised landscapes are often heterogeneous in structure, comprising fragmented 
remnant vegetation and habitat patches that are scattered in the urban matrix. Connectivity 
between these fragments is important for the maintenance of viable populations of flora and 
fauna across the landscape. Connectivity provides five key benefits to the urban landscape: it 
facilitates the movement, dispersal, gene flow and migration of taxonomic groups among 
their habitats; it enhances biological diversity and enables evolutionary processes that ensure 
landscape integrity; it maintains metapopulations; it allows for the recolonisation of isolated 
and abandoned habitats; and, in the face of climate change, it assists species to locate to new 
climatically suitable habitats. Conversely, a lack of connectivity may cause inbreeding, 
genetic simplification, the decline and extinction of isolated habitats and, in the worst case, 
total disappearance of the ecosystems. 
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8.5.2 What dimensions and criteria need to be considered while studying 
ecological connectivity?  
This question was addressed in Chapter 2 where different connectivity methods were 
reviewed and their common variables and assumptions were analysed. While assessing 
connectivity the criteria that need to be incorporated in order to have biologically realistic 
results are as follows: 
• Structural attributes of species habitat patches such as area, quality and 
resources  
• Proximity of habitat patches 
• Cost of movement between habitats  
• Topology and spatial arrangement of habitats 
• Including both intra-patch connectivity and inter-patch connectivity to 
avoid the ‘deceptive paradox’ of connectivity 
• Incorporating the species-specific consideration such as species habitat 
preferences and movement characteristics  
• Taking a multispecies approach when assessing ecological connectivity for 
a whole region  
8.5.3 What datasets are necessary? 
This question was addressed partly in Chapter 4 and partly in Section 8.3 of this chapter. To 
conduct the graph-based multispecies method, for each species a suitable habitat map is 
required in which habitats are weighted by their quality and probability of being habitats. 
There is also a need for several GIS layers of landscape attributes that affect the movement of 
the target species, in order to develop the resistance layers for the target species.     
8.5.4 What are the contemporary methods that have been applied so far to 
assess ecological connectivity? Which of them is more suitable to be 
adapted for studying the structure of the urban landscapes? 
This question was addressed in Chapters 2 and 3. Reviewing the applied method to 
connectivity assessment, this study categorised them into three classes of empirical methods, 
222 
 
structural modelling and functional modelling. Empirical methods are connected with field 
studies and direct observation of species movement among habitats. Examples of those 
methods are radio-telemetry and mark-release-recapture methods. Direct observation of 
species movement in the landscape is recognised as the only estimate of ‘actual connectivity’. 
Structural modelling is the second broad group of connectivity methods that are based only 
on the structural attributes of the landscape without focusing on movement responses of 
specific species to the landscape matrix. Application of structural metrics and graph theory 
based simulation are examples for studying connectivity based on structural modelling 
approaches. Functional modelling methods incorporate the movement responses of species to 
the landscape structure into the study by quantifying the resistance of landscape. Examples 
for this category are the joint application of graph theory and least-cost modelling.  
Among the reviewed methods, this research recognised graph theory as the most suitable 
approach to be adapted for the purpose of this study. Graph theory is a mathematical concept 
consisting of finite sets of nodes and links where the nodes represent the entities and the links 
represent their interactions and relationships. The application of graph theory shows promise 
for meeting the required criteria for a biologically realistic assessment of connectivity. The 
structure of the urban landscape, and the habitats within, are well-suited to the application of 
graph theory. 
8.5.5 How adaptable are the existing methods to the study of connectivity in 
urban landscapes and can these satisfy the required criteria? 
The application and implementation of the proposed method was presented in Chapters 5 to 
8. Four key steps are included in the proposed method. They are: 
 Choice of target species for a given urban region 
 Construction of species-specific networks within that region 
 Connectivity measurement of species-specific networks 
 Combining the connectivity results to assess the ecological connectivity for the 
urban region 
As the first step, a number of target species were selected for connectivity assessment 
including the species with conservation priority, keystone species and species that represent 
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the large community of biodiversity in the urban landscape. As the second step for each target 
species a network is constructed comprising nodes representing the geographic centroid of 
species habitats and links, representing the topological relationship between the species 
habitats. Then the cumulative cost of movement between the given pair of habitats is 
transferred to the associated links. The nodes and the links weighted by effective distances 
form the species network which is employed for the third step.  
In the third step a selected number of graph-based metrics are applied on the species 
networks in order to measure the nodes, links and network connectivity. As a result, the 
significance of each species habitat based on its contribution to connectivity is identified. The 
probability of species dispersal between the pair of habitats is assessed and the total 
connectivity of the network for the given target species is calculated. Furthermore, network 
gaps are identified and defined for restoring connectivity. As the fourth step, connectivity 
results for species-specific assessment are combined to assess ecological connectivity by a 
multispecies approach. The landscape is prioritised in terms of its contribution to maintaining 
ecological connectivity and the restoration areas across the landscape are identified as having 
potential for enhancement of connectivity. 
8.5.6 Which measures are appropriate to address different aspects of 
connectivity in the urban landscape?  
The establishment of suitable connectivity metrics was addressed in Chapter 5 and the 
sensitivity of the metrics was tested in Chapter 6. By applying a diverse set of metrics and 
testing their sensitivity, this research established those that inform and address different 
aspects of connectivity and meet the required criteria of a connectivity assessment. Metrics 
probability of dispersal (   ), dispersal flux (    ), C, recruitment, betweenness centrality 
and degree centrality in the ways that they were used in this study, were successfully used in 
measuring connectivity of the urban landscape. Metrics probability of dispersal and dispersal 
flux are applicable to measuring the links, metric   is suitable for measuring the total 
connectivity at network scale, recruitment, betweenness centrality and degree centrality are 
applicable for measuring the nodes showing different aspects of contribution of species 
habitats in global connectivity. Metric betweenness centrality needs to be applied on a 
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network weighted by     and degree centrality needs to be applied on a network weighted by 
dispersal flux to result in distinct aspects of connectivity.  
8.5.7 Given the fact that urban inhabitant species differ in terms of habitat 
requirements and dispersal abilities, does the proposed method 
consider all these differences? 
This question was addressed in Chapters 5 to 8. The multispecies method developed in this 
study addresses both species-specific considerations and multispecies dimensions of 
connectivity.  For this purpose the method selects a number of target species for each of the 
species assesses connectivity individually based on their species habitat requirement and 
movement characteristics. Then the species-specific connectivity results are combined to 
conduct the multispecies assessment. In this way the output of the method is integrated 
results on the critical areas for maintenance and restoration of ecological connectivity which 
is developed based on species-specific assessments. The proposed method allows 
investigating the global contribution of the urban habitats for specific species as well as for 
biodiversity of the urban landscape. The results from this method are biologically more 
realistic in terms of considering all preferences of the species involved in the study area by 
avoiding generalisation of results while conducting the multispecies assessment. This reveals 
the suitability of this methodology for conservation purposes.   
8.5.8 How robust and practical is the proposed method when being applied?  
The robustness of the proposed method was tested in Chapter 6. Sensitivity tests on the 
species networks showed that the method is robust for a wide range of assumptions and 
variables while constructing the species-specific networks, and the outcomes have a relatively 
high correlation to each other despite the variation in assumptions. The practicality of the 
proposed method was analysed in Chapter 7 by implementing a joint connectivity assessment 
and prioritising the multispecies restoration scenarios. The proposed method identifies gaps 
in the urban landscape where connectivity needs to be restored and enhanced effectively to 
facilitate the dispersal of biodiversity. The method provides the opportunity to prioritise the 
connectivity results in the order of their importance for conservation and management actions 
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in urban regions. The application of graph theory to the multispecies approach allows 
flexibility in decision-making by trading-off between conservation strategies and scenarios. 
8.5.9 What spatial scales are appropriate for a multispecies approach? 
The scale of the study was addressed in Chapters 4 and 5. As the method is aimed at 
providing a holistic insight into the priority urban habitats for conservation strategies, a 
regional scale is appropriate. Such holistic insight over the entire landscape avoids 
redundancy or contradiction in plans and decisions. In terms of the pixel size and the 
resolution of the resistance layer and species habitat maps, it depends on the minimum viable 
size of the habitats for the target species involved in the connectivity study. The pixel size 
needs to be less than the minimum viable size of the target species.  
8.5.10 How transferable is the method for use in other urban environments? 
This question was addressed in Chapter 8. There is no limitation in the application of the 
multispecies method to other case studies. The method can be applied to any highly modified 
urban landscape in which habitats are fragmented and isolated in an urban matrix.  
The main objective of this research project was to develop an analytical method to assess 
ecological connectivity for urban landscapes in order to identify those areas that are critical 
for maintenance and enhancement of connectivity. This research successfully met the main 
aim by developing the Graph-based Multispecies Method, demonstrating its application for 
multiple species, testing the sensitivity of the method, revising and enhancing the applied 
method to be applied in future multispecies connectivity studies. The graph-based 
multispecies method is able to identify the priority areas for biological conservation and 
restoration of connectivity in urban landscapes. The graph-based multispecies method allows 
assessment of connectivity for multiple species which have different habitat requirements and 
therefore different habitat networks. This research demonstrates that graph theory is 
applicable to assessment of connectivity for similar situations.  
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8.6 Future research 
In relation to this research study, there are a number of areas where future research is 
required. 
8.6.1 Additional areas for testing the sensitivity of the proposed 
methodology 
As discussed in Section 6.4, there are a number of assumptions in the method that remained 
untested and could be the subject of sensitivity testing for future research. They are: 
 To test the sensitivity of the final outputs (the prioritised landscape) to the 
resistance value schemes defined in the development of the species resistance 
layer, resistance ranking based on expert opinion, and the determination of the 
maximum effective distance.  
 To test the sensitivity of species-specific and multispecies connectivity results 
to the choice of metrics. For instance, if another connectivity metric for the 
network level is selected, for example the Expected Cluster size, how will this 
impact upon the ranking of habitat patches and the location of restoration 
areas. Furthermore, the question still remains whether the ranking of nodes, 
based on node removal algorithm, by selecting another network level 
connectivity metric will still have a high correlation with the results of the 
metric degree centrality for the network weighted by flux.  
 Due to computation limitations in processing the LCPs for the regional extent 
of the study area for this research, the networks of this study were established 
by linking each node to their adjacent nodes. However, further study is needed 
to compare the connectivity results from this study with the results from the 
establishment of a complete network in which each node is connected to all 
other nodes of the network. This would lead to the determination of the level 
of uncertainty that the topological relationship among the habitats poses to 
decision-making and planning for conservation.  
 To consider the redundancy of the least-cost paths as recommended by several 
other studies in order to achieve biologically more accurate results (Magle et 
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al., 2009; Theobald, 2006). Further research is required to investigate how 
determination of effective distance between pairs of habitats based on 
considering several least-cost paths, rather than only one, can affect the results 
of a study.   
8.6.2 Validation of the connectivity results by field data 
The graph-based multispecies method of this study was established based on the valuable 
foundation of knowledge in the field of network application for connectivity assessment. The 
method was then supported by detailed sensitivity testing on the assumptions and variables 
defined in the modelling approach. There is still a need for validating the connectivity results 
with the actual data on species dispersal in the study area. The validation by field data can be 
by direct observation of species movements between their habitats such as radio tracking of 
species when they move between the two habitats. The results can also be validated by 
studying the genetic variation between the species population within the pair of patches that 
are associated with the weighted link in the network. Such a comparison can show how the 
estimations in this study, based on the effective distance derived from the least-cost path, are 
biologically realistic. 
For those habitats that are recognised as conservation priorities for maintaining connectivity 
or those restoration areas that are ranked higher for restoring connectivity, more evaluations 
by empirical studies are required. The evaluation is necessary to investigate whether patches 
recognised by this study’s modelling approach are also recognised by biological populations 
within the actual landscape. Such investigations strengthen the multispecies approach by 
ensuring the proposed method results in rigorous outcomes adaptable to the actual landscape.   
8.6.3 Development of a specialised software package for the proposed 
method 
The multispecies approach that was established in this study was applied through using 
several software packages and extensions such as ArcGIS, R, Zonation, and LinkageMapper. 
Each was able to process specific steps in the method but they also posed some limitations to 
the original concept. Development of integrated software that meets all the requirements of 
the established method enhances the application of the proposed method in other case studies. 
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This integrated software needs to apply more efficient algorithms to determine the effective 
distance between habitats in a regional extent of the area being studied. The software package 
needs to be specialised in calculating the graph-based metrics for weighted networks. There is 
also a need to incorporate an algorithm for prioritising the cells in the landscape based on 
species richness as well as on connectivity values for the stage when the species-specific 
results are overlaid and combined.      
8.6.4 More study on the established metrics 
Sensitivity analysis on metric C revealed that the metric is sensitive to the maximum 
Euclidean and effective distance determined for the target species. While the metric meets 
different criteria to be biologically meaningful and to provide a thorough assessment of 
connectivity, there is a need to find a more robust network level metric which is not 
significantly affected by different assumptions and variables in the modelling approach. 
Furthermore, the application of metric C is suitable for monitoring the temporal and spatial 
changes in connectivity for a specific species; however, there is still a need for further study 
on adjusting the variables within the metric such as area and probabilities of dispersal 
between the pairs of habitats. This research placed more emphasis on the area of habitats 
while calculating C. However, by decreasing the emphasis on areas of the patches and 
placing more emphasis on the probability of dispersal between patches, C will reflect more 
inter-patch connectivity than intra-patch connectivity, as is expected from a connectivity 
study. This adjustment is also required for the application of metric dispersal flux because 
this metric is also affected by the size of the habitats more than the probability of dispersal 
between them. Detailed adjustment of the metric can be accomplished by comparing the 
results of the metric with field data as was conducted by Magle et al. (2009). 
8.6.5 Testing the proposed method by incorporating more diverse types of 
species 
The proposed multispecies method was conducted by incorporating a ground-based fauna 
species. The practicality of the method also needs to be investigated by incorporating more 
diverse species such as birds, fish and flora species. It would be interesting to study how the 
modelled networks of those types of species differ from the ground-based approach and 
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whether it is still possible to combine their results. Also, the species that were targeted for 
this study do not pose a threat to each other. Incorporating target species which do pose such 
a threat may result in conflict in shared management as the species prey on each other. This 
could be an interesting area for further investigation on the practicality of the proposed 
method and how the connectivity results change in such circumstances.  
 
8.7 Summary 
The method applied in this study is novel in terms of its graph-based application as well as its 
multispecies dimension. The methodology meets the required criteria that were established 
for a thorough assessment of connectivity within the urban environment. The methodology is 
innovative in establishing a rigorous set of graph-based metrics that informs different aspects 
of connectivity by measuring the weight of links, the total connectivity of the networks and 
the significance of the nodes. The method gives new insights into the development of 
species-specific resistance layers and also in identifying the gaps in species habitat networks. 
The method is innovative in terms of measuring species-specific connectivity and then 
combining the results to provide a unique integrated prescription for the conservation of the 
ecological connectivity across the entire landscape. As a result of the method, those areas that 
are more valuable for maintaining ecological connectivity and those that have a potential to 
be restored to effectively improve the ecological connectivity, are identified. This avoids the 
redundancy in plans and decisions and in the long-term saves on the financial resources 
needed for conservation projects. The method is novel in terms of its capability to prioritise 
the multispecies restoration projects by species-specific considerations. The method allows 
flexibility in the decision-making by providing the opportunity to trade-off between different 
conservation alternatives. The methodology is robust for different assumptions and variables.  
There are a number of limitations associated with the current practice such as with the quality 
of the input data, the intense computation associated with least-cost modelling, which did not 
allow construction of a complete graph, and the determination of the maximum effective 
distance. In recommending how to avoid such limitations, an enhanced method is proposed 
for use for future applications. The proposed enhanced method comprises four key steps: 
choice of target species, construction of species-specific networks, assessment of connectivity 
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of species networks, and combining the connectivity results to identify significant urban 
habitats and restoration areas for the urban landscape. Areas for future research are the testing 
of the sensitivity of the method to some other assumptions, validation of the results by 
conducting empirical studies, development of software specialising in the method, testing the 
method for diverse types of species and more adjustment of the metric C and dispersal flux.   
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Glossary 
 
• Active links  
For the species networks for this study, those links that are actively contributing to the 
dispersal of the target species are termed active links. Two criteria were set for the choice of 
active links: firstly, the length of the least-cost path associated with each link was required to 
be below the maximum dispersal distance of the species and secondly, the associated 
effective distance was required to be less than the species maximum effective distance. 
• Allocation zones  
An allocation zone is an area within a raster map that is developed by GIS by allocating each 
pixel of the map to its nearest habitat patches. 
• Attribute layer  
An attribute layer is a GIS layer providing information about the specific attribute of the 
landscape. In this study attribute layers are used as the input data for the development of the 
resistance layer.  
• Betweenness centrality  
This is a graph-based metric applied in connectivity studies to find the importance of each 
node in supporting connectivity through a network. Betweenness centrality is defined as the 
proportion of shortest paths between pairs of nodes in the network which includes passing 
through a particular node. 
• Circuit theory  
Application of circuit theory in connectivity conservation studies enables the quantification 
of the effective distance based on random walk theory. The idea behind this method is that 
based on the circuit theory rules, the resistance between a pair of habitats decreases as more 
pathways become available.  
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• Climate change  
The phenomenon of climate change refers to the increase of atmospheric carbon dioxide and 
the average global temperature. 
• Complete graph  
Complete graph is a type of network in which each node is linked with all other nodes in the 
network. 
• Connectivity 
Connectivity is defined as a structural attribute of the landscape that allows species 
movements between their habitats. Based on this definition, connectivity is species-specific.  
• Corridor  
Corridors are narrow and continuous strips of habitats that physically link habitat patches.  
• Cost of movement   
Cost refers to the impedance of the landscape to the dispersal of a particular species. In the 
spatial environment, cost of movement in each cell is quantified by multiplying the resistance 
value of the cell by the Euclidean distance that the given species has travelled within each 
cell. 
• Cost-weighted distance  
In the spatial environment, cost-weighted distance is calculated as the cumulative cost of 
movement in each cell along the entire pathway between the two given patches. In some 
studies, effective distance between a pair of habitats is equalled to the cost-weighted distance 
along the least-cost path.  
• Deceptive paradox of connectivity  
Topology-based methods for connectivity suffer from the “deceptive paradox” in that the 
more fragmented the landscape, the higher the resultant connectivity value.  
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• Degree centrality   
Degree centrality is another graph-based metric which is applied to investigating the 
importance of nodes in connectivity of the network. Degree centrality can show the 
interaction of a patch with other adjacent patches. Degree centrality is defined as the number 
of links attached to node i. 
• Directed graph  
A directed graph is a type of network in which some nodes are the source, where the 
dispersing individuals start moving from, and some are the target, where the movement will 
be terminated.  
• Dispersal  
Species dispersal is a long-term type of movement over long distances that potentially results 
in a flow of biological genes. Natal and breeding dispersal are examples of this type of 
biological movement.  
• Ecological connectivity  
In this study when connectivity refers to the capacity of the landscape to maintain the 
movement of a number of species it is termed ‘ecological connectivity’. 
• Edge removal algorithm  
This algorithm is a graph operation used in connectivity studies that has also been applied to 
determine the critical threshold of the landscape beyond which the landscape becomes 
critically disconnected.  
• Effective distance  
Effective distance reflects the actual effect of different cover types on species movement and 
in turn, species survival abundance through that distance. In the spatial environment, 
effective distance is the cumulative cost of movement in each cell along the entire pathway 
between the two given patches. Effective distance includes the Euclidean distances as well as 
landscape resistance thus providing a better estimation of the possibility of dispersal. 
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• Empirical methods  
Empirical studies are types of connectivity methods that are tied to field studies and direct 
observation of species movement such as radio-telemetry, mark-release-recapture of the 
species, and studying the genetic variation of biological populations in distinct habitat 
patches. 
• Endangered  
According to the Environment Protection and Biodiversity Conservation Act 1999 
(EPBC Act), a species is considered ‘endangered’ when it is not ‘critically endangered’ 
but is facing a very high risk of extinction in the wild in the near future.  
• Fat-tailed Dunnart  
The Fat-tailed Dunnart (Sminthopsis crassicaudata) is a small mammal distributed in central 
and southern Australia. 
• Flux (dispersal flux)  
Flows are known as fluxes in ecological studies. Dispersal flux refers to the amount of 
biological dispersals between the habitats which is also a suitable metric for assessing inter-
patch connectivity. For this study the dispersal flux between a pair of habitats is defined as 
the probability of dispersal between the two nodes multiplied by the area of the two habitat 
patches.  
• Foraging  
Foraging is a type of short-term species movement which is undertaken in order to provide 
food, water, refuge and resting sites and this occurs within the species’ home range distances. 
• Functional connectivity  
In functional approaches, connectivity refers to the interaction of species within the landscape 
structure such as ease of species movement in the landscape. Functional connectivity is 
commonly defined as “the degree to which landscape facilitates or impedes movement among 
resource patches”.  
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• Functional corridor  
A series of stepping stones closer than a specified distance that can potentially form a 
functional corridor for species movement.  These should be considered in connectivity 
measures.  
• Functional modelling  
Functional modelling is a type of connectivity method that includes the interactions of 
species moving within the landscape when assessing connectivity.  
• Gene flow  
Gene flow refers to the transfer of pools of new genes, and genetic combinations, between 
biological populations across the landscape.  
• Graph model   
The model of the habitat connectivity within the landscape based on graph theory is termed a 
‘graph model’ or ‘network’ throughout this study. 
• Graph theory  
Graph theory is a mathematical concept theory consisting of a set of nodes (vertices) and 
links (edges) where links connect each pair of nodes. 
• Growling Grass Frog  
The Growling Grass Frog (Litoria raniformis) is a big frog formerly distributed throughout 
south eastern Australia, including Tasmania.  
• Habitat connectivity  
In this study when connectivity refers to the capacity of the landscape to support the 
movement of a specific species it is termed ‘connectivity’ or ‘habitat connectivity’. 
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• Habitat  
Habitat is defined as an area with suitable resources and conditions to support the occupancy, 
survival and reproduction of a given species and therefore is a species-specific property. 
• Inter-patch connectivity  
Inter-patch connectivity refers to connectivity between habitat patches.  
• Intra-patch connectivity  
Intra-patch connectivity refers to the connectivity within distinct patches. 
• Keystone species  
Keystone species are the highly interactive species in the landscape, such as predatory 
species, or species which facilitate seed dispersal. Loss of these critical species will affect the 
survival of other species and over time will simplify ecosystems and reduce biological 
diversity. 
• Lace Monitor  
The Lace Monitor (Varanus varius) is the second largest terrestrial carnivore in south eastern 
Australia and is from the family varanidae. 
• Landscape   
Landscape is a dynamic entity containing repeated internal heterogeneity in pattern and 
process. 
• Landscape ecology  
Landscape ecology is a discipline which focuses on patterns and processes over an area of 
land and the relationship between the patterns and the processes.  
• Least-cost modelling 
Applying this approach to connectivity studies, a single path or a number of paths with the 
least cumulative cost are generated between species habitat patches based on the resistance 
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layer within the GIS environment. The resultant paths out of this method are called least-cost 
paths (LCP). 
• Least-cost path  
In the spatial environment, least-cost paths (LCP), are generated by optimising the cost-
weighted distance (cwdist) of all possible pathways between habitat patches and delineating a 
path with the least cost-weighted distance.  
• Linkage Mapper  
Linkage Mapper is an extension of ArcGIS software that was developed to automate mapping 
of wildlife habitat corridors. As part of its process, the software generates the links network 
based on the species habitat maps, which are weighted by effective distances between habitat 
patches. The software calculates the effective distances by modelling the least-cost paths.  
• Links  
Links are one of the main components of the network. In an ecological context, links either 
represent the distance between habitats, or the possibility of movement between those 
habitats, for a given species. 
• Matrix  
A matrix is defined as the rest of the landscape after excluding habitat patches. 
• Maximum dispersal distance  
For this study, the maximum dispersal distances of the species are their estimated lifetime 
which means where there is the expectation that the species will move that distance in a 
lifetime.  
•  Meta-population  
A meta-population is a set of local species populations within a large area that are linked 
together by the dispersal of individuals and can collectively function as a larger population. 
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• Metric C  
Metric C was applied to assess the connectivity of the entire network. Metric C is defined as 
the total of inter-patch connectivity (dispersal flux along the links of the species network) as 
well as the intra-patch connectivity and inter-patch connectivity calculated by using the 
metric dispersal flux.  
• Multispecies approach  
Taking a multispecies approach enables more than one specific species to be investigated 
within a conservation study. 
• Near threatened  
According to the advisory list in Victoria, a species is near threatened when it is not 
‘critically endangered’, ‘endangered’ or ‘vulnerable’ now, but is close to being listed as a 
threatened category in the near future.  
• Network  
The model of the habitat connectivity within the landscape based on the theory of graph is 
termed a ‘graph model’ or ‘network’. 
• Network gap  
In this study gaps are defined as the areas between a pair of habitat patches which are poorly 
connected or entirely disconnected within the species network. 
• Node 
Nodes are one of the main components of networks. In an ecological context, nodes represent 
the geographical location of biological populations, or the potential habitats where biological 
populations are expected to live. 
• Node removal algorithm  
Node removal algorithm is a graph operation applied in connectivity studies in order to 
identify the importance of each specific node to the overall measure of connectivity. Based 
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on this measure, each node, and its attached links, is removed from the graph model on an 
individual basis and then a connectivity metric is calculated without that node. The difference 
between the resultant measure and the original measure of connectivity reveals the 
contribution of that node in connectivity of the network. 
• Patch 
A patch is defined as a surface, differing from the surroundings in terms of nature or 
appearance. In the spatial environment, a patch refers to a group of raster cells connected in 
any eight directions based on the nearest neighbour algorithm. 
• Path  
In a graph model, a path is a sequence of nodes and links in which no node is visited more 
than once. 
• PC  
Probability of Connectivity is a graph-based metric which is applied in connectivity studies to 
measure the overall connectivity of a network. Metric PC is defined as the probability that 
two nodes randomly placed in a network can be connected.  
• Pearson’s correlation coefficient   
For this study, this measure refers to the degree to which the values of connectivity outputs of 
different approaches are related to each other. 
• Percentage of network connectivity  
This metric refers to the proportion of the landscape which is already connected for a given 
species in comparison to the highest capacity of the landscape structure to facilitate the 
dispersal of that species. The percentage of network connectivity enables a comparative 
analysis of the degree of connectivity of the study area relevant to a number of species.  
• Potential contribution of links   
Potential contribution of links is defined as the potential amount of improvement in 
connectivity of the network by restoring connectivity of associated habitats.  
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• Probability of dispersal  
Originating from meta-population ecology, this metric is applied to conservation connectivity 
studies to quantify the functional connectivity between a pair of habitats. Probability of 
dispersal between two habitats is defined as the exponential decay function of the distance 
between the patches. 
• Random walk theory  
The application of this theory in connectivity conservation assists with simulation of all the 
possible short paths between a pair of habitats. 
• Recruitment   
Recruitment is defined as the sum of the quality-weighted area of all the nodes in the 
network. In this study, Requirement (  ) is equalled as the area of associated habitat patches 
in order to identify the importance of the individual nodes.  
• Resistance layer 
A resistance layer is a raster simulation of the landscape in a spatial environment in which 
each pixel of raster has a value reflecting the resistance of the landscape to the movement of 
the given species at that point.  
• Resistance of the landscape  
Landscape resistance refers to the intensity of the landscape for the movement of a given 
species and the species energy expenditure while moving through it. 
• Restoration areas  
Restoration areas are those parts of the landscape with a higher potential to enhance 
ecological connectivity of the study area. Identification of the restoration areas guides the 
restoration projects to those locations where connectivity is required more significantly for 
the particular target species, and by restoring the connectivity in those areas the connectivity 
of the species network would be effectively increased.  
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• Sensitivity analysis  
Sensitivity analysis assists in knowing when and to what extent uncertainty in model inputs 
matters. Also sensitivity analysis recognises those variables that have the greater influence on 
the model outputs.  
• Southern Brown Bandicoot 
The Southern Brown Bandicoot (Isoodon obesulus obesulus) is a ground-dwelling mammal 
distributed in southern Australia, southern Victoria and eastern New South Wales. 
• Spearman rank correlation coefficient  
This measure refers to the degree to which the rankings of nodes resulting from the 
application of different methods are related.   
• Stepping stones  
Stepping stones are scattered and non-linear habitat elements, such as scattered trees or 
shrubs, which contribute to species dispersal by providing restricted resources and shelter for 
a short time while encouraging the species to move to the larger habitats.  
• Structural connectivity  
The structural connectivity is defined as the proximity of landscape components to each other 
or their spatial patterns or the availability of connecting elements in the landscape structure, 
such as habitats, corridors and stepping stones in the landscape. 
• Structural modelling  
Structural modelling is the type of connectivity methods that assess connectivity based only 
on the structural attributes of the landscape without referring to species movement behaviour 
and characteristics in response to the landscape structure. 
• Sub-graph  
Within a network, sub-graphs are those nodes which are connected together but not to the 
other nodes. 
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• Threatened species  
Threatened species are those which are at risk of extinction and have to be considered as 
conservation priorities in the urban landscape.  
• Topology  
Topology refers to the spatial relationship between areas, their arrangement and adjacency. 
• Urban fringe  
The area between the Urban Growth Boundary and the outer boundary of Metropolitan 
Melbourne is called the urban fringe which is recognised for its ecological values. 
• Urban Growth Boundary  
An Urban Growth Boundary has been established by the Victorian government around the 
highly developed area of Melbourne at the northern end of Port Phillip Bay and along the 
bay, to restrict urban growth within Metropolitan Melbourne. 
• Urbanisation  
Urbanisation is a process of change of natural landscapes, referring to densification and the 
outward spread of built constructions.  
• Vulnerable 
According to the advisory list of threatened vertebrate fauna of the Victorian Government, a 
species is vulnerable when it is not critically endangered, or endangered, but is facing a high 
risk of extinction in the wild in the medium-term future. 
• Zonation  
Zonation is a software package for conservation prioritisation and planning based on a 
multispecies approach. The software is designed to identify those areas that are more 
important for persistence of biological populations within the given landscape. As a result of 
the application of this software, the parts of the landscape are ranked according to their 
importance for conservation of the species under study. 
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Abstract 
Urbanisation in many major cities results in changes to the ecological integrity of habitats within these 
areas.  Through the process of urbanisation, habitats including native vegetation have been degraded, 
reduced in size, fragmented, isolated or even lost. This can disrupt the proper functioning of natural 
areas and inhibits wildlife interaction and gene flow between different habitats. In these areas, the 
majority of the remaining biological diversity is located in small fragments of native vegetation that 
have been set aside during development. The movement of species between these habitats in the urban 
environment is subject to their functional connectivity.  Lack of suitable connectivity in networks 
would cause populations to be isolated by surrounding urban areas and threaten their long-term 
viability. It is important for planners to recognise what the networks of individual species are so that 
future development can take these into account. GIS modelling of habitat networks provides input 
data for connectivity analysis, which can be used for effective conservation planning, landscape 
restoration and ecological impact assessment studies. 
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Graph theory is an effective way of modelling habitats and the ecological interactions that occur 
between them. The objective of this study is to represent habitat networks for three threatened faunal 
species: Varanus varius (Lace Monitor), Sminthopsis crassicaudata (Fat-tailed Dunnart), and Litoria 
raniformis (Growling Grass Frog) based on the concept of graph theory. This paper presents the 
application of two algorithms for the development of a node layer in order to simulate habitat 
networks for each of the target species in Metropolitan Melbourne: the resilient centroid model, and 
the maximum distance to edge algorithm. 
The results for the three species differ in terms of the number of nodes and their distribution pattern 
which were determined by the shape and orientation of the patches used in them. The more linear or 
perforated a polygon was the more centroids are derived. Deriving the centroids using the shrinking 
polygon algorithm detects the central cores of polygons. We suggest that the resilient centroid model 
is suitable for perforated compact patches rather than elongated patches. Further research will show 
how the links in the network will be represented to reveal the connectivity of the network. 
 
KEYWORDS: habitat networks, graph theory, resilient centroid model, polygon shrinking algorithm, 
GIS. 
  
1. Introduction 
The process of urbanisation alters not only the landscape structure, but also its ecological 
functionality. Urbanisation refers to densification and outward spread of the built environment 
(Forman, 2008). As a result of this process, habitat patches in the landscape have been altered 
critically (Forman and Godron, 1986). Such modifications in habitat patches degrade ecological 
values, shrink habitat size, and modify their shape (Alberti, 2004; Young and Jarvis, 2001). 
Fragmentation or complete eradication can also occur (Alberti, 2004; Young and Jarvis, 2001). This 
highlights the need for conservation planning for urban landscapes that incorporates habitat mapping.  
One consequence of change in the structure of urban landscapes is the disruption of ecological 
functioning. This process radically influences both natural habitats and wildlife communities through 
the conversion of extensive areas into fragmented and isolated islands (Hough, 2004). For instance, 
movement of faunal species between neighbouring habitats can be severely affected (Wheater, 1999). 
Most species need to disperse in order to provide their daily or lifetime needs such as food, energy, 
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refuge or breeding. They might even disperse to adapt themselves to new climate conditions. The 
dispersal of species in this modified landscape allows for the recolonisation of areas that have suffered 
from local declines in population or extinction, and also reduces “the negative effects of inbreeding” 
(Forman et al., 2003). Small fauna populations with the ability to move between these discrete islands 
of habitat form a metapopulation (Merriam, 1990) that is more resilient to urbanisation.  
In the urban environment, habitats must be functionally connected so that species can readily move 
between them. Functional connectivity refers to “the degree to which landscape facilitates or impedes 
movement among resource patches” (Taylor et al., 1993). The combination of the habitats and the 
availability of a functional connection between them is known as a habitat network (Forman and 
Godron, 1986).  
Functional connectivity is species-specific (Crooks and Sanjayan, 2006b). Species may have different 
habitat requirements as well as different dispersal abilities. For example, the particular distance 
between two habitat patches which seem to be connected for a large mammal may not be connected 
for a small amphibian with less dispersal ability and more sensitivity to the type of landscape 
structure. Each species therefore has a unique habitat network which may be completely separate from 
the networks of other species, or may be adapted or used in conjunction with the networks of other 
species. 
Lack of suitable connectivity in the networks is likely to cause extinction of populations in isolated 
habitats especially when they are under threat from the surrounding urban context. In this context, 
functional connectivity determines how the network facilitates the movement of species. Therefore, 
urban planning authorities can benefit from a deeper understanding about habitat networks of species 
so that developments do not have negative impacts on species dispersal. 
There is also the potential to determine which elements (e.g. habitat patches or functional corridors) of 
the networks are more critical in the dispersal of the species. GIS modelling of habitat networks 
provides input data for connectivity analysis, which can be used for effective conservation planning, 
landscape restoration and ecological impact assessment studies.  
In this paper, we aim to simulate the habitat networks of these threatened species using the concept of 
graph theory which is part of PhD research in progress at RMIT University, Australia. 
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1.2 Approaches to modelling habitat networks 
Two approaches applied for modelling species habitat networks are the gradient and binary modelling 
approaches. Binary modelling refers to classification of landscape elements into two broad clusters of 
habitat and non-habitat, whereas in the gradient approach each part in the landscape will have a value 
of probability of being habitat for a certain species.  
One of the applications of the gradient approach is least-cost modelling. This approach has been 
widely applied to modelling habitats and their functional links (Adriaensen et al., 2003; Drielsma et 
al., 2007). In least-cost modelling, a resistance (friction) layer is developed so that for each cell of 
raster data, landscape resistance to the dispersal of a species is determined. Considering habitats as the 
least resistant part of the landscape, the least-cost path between two habitats is derived. Cost refers to 
the accumulative amount of resistance value between two habitats and the least-cost path is the path 
with the lowest accumulative resistance value. The result of applying this approach will be a habitat 
network and the least-cost path for dispersal of species. The representation of the network in this 
approach is dependent on the arrangement of lowest resistance cells, which sit beside each other 
forming a homogenous group of cells interpreted as habitat. The group can also form a string of cells 
which is assumed as a corridor in the network. 
In the binary approach, a landscape element is considered either as habitat or non-habitat and there is 
no probability which shows the importance of habitat patch. One application of this approach is 
modelling based on the graph theory concept. Using this concept, habitats and their interactions can 
be represented as sets of nodes and links in a GIS environment. 
 
1.3 Graph theory 
 Graph theory is a mathematical concept based on a finite set of nodes and links. This concept was 
initially introduced by Harary in 1969 (Harary, 1969). Graph theory has been applied in a variety of 
disciplines including ecology (e.g. Keitt et al., 1997). Bunn et al. (2000) demonstrated the first 
application of graph theory in simulating connectivity in habitat networks which resulted in suitable 
scenarios for conservation biology. It has become commonly accepted that graph theory is an 
effective way of modelling habitats and ecological interactions among them (García-Feced et al., 
2011; Urban and Keitt, 2001; Zetterberg et al., 2010). Graph-based modelling is a rapid tool in 
conservation assessment (Urban and Keitt, 2001) and is not data demanding (Saura and Rubio, 2010).  
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Habitat networks have been simulated on the basis of the graph theory concept in several studies. For 
instance Bunn et al. (2000) modelled the habitat networks for two fauna species which share the same 
habitat but have different dispersal ability in the Coastal Plain of North Carolina. Saura et al. (2011) 
simulated the habitat networks for forest habitats over the European continent. The forests and the 
links between them were represented in two time spots in order to reveal how the connectivity in the 
forest network changed over time.   
There are various ways to represent a network using graph theory. Zetterberg et al. (2010) grouped 
them as patch-corridor, patch-link and nodes-links. In the patch-corridor type of modelling, habitat 
patches and corridors will be represented in their actual size, shape and location. Patch-link modelling 
also represents habitats to the same extent where the possibility of species dispersal is represented as 
links between the habitats. In the node-link representation, habitat patches are represented as nodes 
and functional connectivity between the nodes is represented as links. The choice of each modelling 
type for analysis is dependent on the objective of the study, the condition of the input data and the 
availability of ecological information (e.g. dispersal information of the focal species) to support the 
model.  
The objective of this study is to represent habitat networks for three threatened fauna species, Varanus 
varius (Lace Monitor), Sminthopsis crassicaudata (Fat-tailed Dunnart), and Litoria raniformis 
(Growling Grass Frog). The input data of this study are binary sets of habitat maps for these target 
species, and the aim is to apply the graph theory concept to model the species networks. In this model, 
nodes and links represent the habitat patches and the possibility of dispersal between them 
respectively. This paper presents the application of two algorithms for developing the node layer in 
order to simulate habitat networks for each of the target species in Metropolitan Melbourne. 
 
2. Methods 
2.1 Study Area 
Melbourne, the capital of the state of Victoria, is one of the major cities in Australia. Metropolitan 
Melbourne is located on Port Phillip Bay on the southern coast of south-eastern Australia (Figure 1). 
Melbourne has a temperate climate with distinctly dry and warm summers (Bureau of Meteorology, 
2010). More than 500 native vertebrate and invertebrate fauna species and more than 17,000 vascular 
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native plants have been recorded within the study area since 1990 (Victorian Environmental 
Assessment Council, 2010a). 
 
Figure 1: The location of the Metropolitan Melbourne study area in the State of Victoria, Australia. 
 
Since British settlement in the 1880s, the Melbourne environment has been greatly modified. Native 
vegetation and habitats are fragmented, degraded, and lost in some parts. This has resulted in 
Melbourne having a large proportion of Victoria’s threatened flora and fauna species. About 300 plant 
species, vertebrate and invertebrate fauna species are listed as threatened in Australia and Victoria 
(Department of Sustainability and Environment, 2007a, 2009a).  Three of the threatened species in 
Metropolitan Melbourne were selected for network modelling in this study.  
 
2.2 Target Species 
The criteria for this study were that the threatened native species chosen for habitat modelling have 
frequently occurred in the study area and have overlaps in their spatial distribution. The fauna species 
are considered as threatened species which are affected by loss of connectivity in their network. In 
fact, the long-term viability of these species is dependent on how connected their habitat networks are. 
Due to the special conservation status of these species, there is valuable information and expert 
assistance available regarding their dispersal and spatial ecology. They were selected from different 
types of fauna species with different ability and behaviour in dispersal in order to reveal different 
aspects of movement and to undertake a comprehensive analysis. The target species are Lace Monitor 
265 
 
(Varanus varius), Fat-tailed Dunnart (Sminthopsis crassicaudata), and Growling Grass Frog (Litoria 
raniformis). 
The Lace Monitor (Varanus varius) is a very large carnivorous, predatory lizard characterised by an 
elongated muscular body (King and Green, 1999). The Lace Monitor is the second largest terrestrial 
carnivore in south eastern Australia (Weavers, 1993). Monitors occur in well-timbered areas from dry 
woodlands to cool temperate southern forests (Wilson and Swan, 2003). The minimum viable size for 
the Monitor’s habitat is considered to be 10 hectares (Guarino, 2002) and the minimum suitable width 
of its habitat patch is set to 1000 metres (Nick Clemann, 2011, Pers. Comm, July). According to the 
advisory list of threatened vertebrate fauna of the Victorian government, the conservation status of the 
Lace Monitor is considered vulnerable, that is, it is considered to be facing a high risk of extinction in 
the wild (Department of Sustainability and Environment, 2007a). 
The Growling Grass Frog (Litoria raniformis) is a large frog distributed in south eastern Australia. 
The Growling Grass Frog generally inhabits permanent and ephemeral wetlands and their immediate 
surrounds (Heard, 2010). According to Heard (2011, Pers. Comm, July) the minimum viable size for a 
Growling Grass Frog habitat is between 1000 and 4000 square metres. Also, the minimum width of 
the habitat patch is 100 metres (Geoff Heard, 2011, Pers. Comm, July). The range and numbers of the 
frog have declined since the 1980s with many populations disappearing (Department of Sustainability 
and Environment, 2007b). Litoria raniformis is now listed as threatened according to the Victorian 
Flora and Fauna Guarantee Act 1988 (FFG Act) and is vulnerable to extinction according to the 
Environment Protection and Biodiversity Conservation Act 1999 (EPBC Act). 
The Fat-tailed Dunnart (Sminthopsis crassicaudata) is a small mammal which inhabits only lowland 
areas in the western half of Victoria (Menkhorst and Bennett, 1995). The Fat-tailed Dunnart 
predominantly  lives in open grassland habitats (Morton, 1976) such as tussock and hummock 
grassland, giber plain, saltbush and bluebush plains and rough pasture (Menkhorst and Kenight, 
2001). The threshold for the minimum size of habitat patches of the Dunnart is considered 20 hectares 
and the minimum width of habitat patches is set to 500 metres (Peter Menkhorst, 2011, Pers. Comm, 
July). Sminthopsis crassicaudata is on the advisory list of threatened vertebrate fauna in Victoria 
(Department of Sustainability and Environment, 2007a).   
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2.3 Input Data 
In Metropolitan Melbourne, potential habitat maps for a number of rare or threatened fauna species 
were modelled. This potential habitat modelling was part of a study for conservation zoning in 
Metropolitan Melbourne (Gordon et al., 2009). The habitat maps were produced using an expert-
based process in which the potential habitats for each species were derived from a main question, 
“What land uses, vegetation type and/or wetland types that are defined by the available spatial data, 
would never compromise habitat for this species?” (Gordon et al., 2009). The result of the process 
was a set of binary maps with two broad classes – habitat and non-habitat – with 20*20 metres pixel 
size. Deriving the potential maps with only a simple habitat requirement model and the above-
mentioned question, resulted in some cases where the potential map overlaps with a certain land use 
(e.g. industrial) (Figure 2). Despite this generalised view of the reality of the presence of species, the 
habitat maps for the three target species were prepared from Gordon et al. (2009). These maps were 
found to be suitable for the objective of this study and application of graph theory because they are a 
binary set of maps which were developed from the same process by the same expert. Therefore, it was 
expected that less uncertainty was achieved by this comparative analysis.  
 
 
Figure 2: Input habitat maps overlap with urbanised lands such as roads, industrial and residential 
uses. Habitat patches of target species are shown in pink. 
 
A number of modifications were made to adapt the input data to the aim of this analysis. The 
modifications are: setting thresholds for the minimum suitable size and width of habitat patches, and 
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assigning separate values for each habitat patch. A local expert in each of the target species was 
consulted in order to identify suitable size and width of habitats. 
As the suitability of habitat is a function of different landscape elements, the resulting habitat maps 
differ in terms of fractal dimensions (e.g. shape and size, and perforation of habitat patches). For 
example, the habitat patch of the Dunnart has a large and compact shape with lots of perforations 
which is less complicated in terms of fractal dimension, while the habitat patches of the Lace Monitor 
have elongated linear shapes which would be difficult to serve as long-term habitats for the species. A 
habitat map for the Growling Grass Frog was developed by buffering around the water bodies and 
wetlands which resulted in soft and smooth borders of long patches with a good width to support the 
species.  
Patches in each habitat map had the same value. Applying the nearest neighbour algorithm, a patch 
refers to a group of raster cells connected in any eight directions. By applying the Region Group tool 
of Esri’s ArcGIS (version 9.3.1), which is based on the nearest neighbour algorithm, separate values 
were assigned to each patch. The resulting patches are complex in their fractal dimensions and it is 
difficult to differentiate whether a certain patch serves ecologically as a habitat or as a functional 
corridor. Next, having determined the minimum viable size of a habitat patch for each target species, 
patches that were smaller than the threshold were filtered and eliminated for the derivation of centroid 
analysis. However, these small patches may serve as corridors or stepping-stones for the target species 
and therefore will be considered in future studies of developing the links between nodes. Because of 
complex fractal dimensions of habitat patches, especially for the case of the Lace Monitor, it was 
decided to consider the minimum suitable width after achieving the node layer for each species. The 
next section will explain how to derive the centroid of habitat patches by applying the shrinking 
polygon algorithm.  
 
2.4 Centroids 
In a graph, network habitat patches can either be represented as polygons or nodes. Due to the 
excessive border of habitat patches in the input data, depicting the habitats by nodes demonstrates the 
core of each patch and simplifies representation of the shapes. In fact, because of the complex fractal 
dimensions of patches, it is important that the nodes of the habitat patches be representative of dense 
areas inside each patch. This helps with the patches which vary in width and clarifies which parts of 
the patch are dense enough to support the nesting of species. 
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A variety of algorithms has been used to derive the centroid of a polygon in GIS. Centre of gravity, 
geographic centre, and centroid are the terms utilised for the centre of a polygon. Deakin and Bird 
(2002) name and define seven centroids: the moment centroid, area centroid, average centroid, the 
minimum bounding rectangle centroid, minimum distance centroid, negative buffer centroid, and the 
circle centroid (Deakin and Bird, 2002). Deakin and Bird (2002, page 161) suggest that moment 
centroid is “the best measure to the centre of complex polygons”. Moment centroid or centre of 
gravity is the centre of mass for a polygon which is bounded by x- and y- axes. Farmer et al. (2011) 
argue that these algorithms, when applied to highly perforated complex polygons, do not reveal the 
reality inside habitat patches. Their argument is that the centroid may fall outside the patch or near the 
edge of the polygon and not represent the polygon mass which is the most homogenous part of the 
patch (Farmer et al., 2011).  
Farmer et al. (2011) suggest that a polygon reduction algorithm is the most suitable method for 
deriving the centroid of a complex shape polygon such as a vegetation patch. This algorithm is based 
on topological thinning of a patch where the iterations may result in several small sub-patches for 
each patch. Rather than a single centroid, these reduction algorithms generate multiple centroids that 
are representative of the topological cores inside patches. This study aimed to apply the resilient 
centroid model (Farmer et al., 2011), based on the reduction polygon algorithm, to derive the centroid 
of habitat patches for three selected target species.  
The term ‘resilient centroid’ refers to the centroid or centroids which survive after thinning iteration 
of the external and internal edge of a polygon. The resilient centroid model is a Python integrated 
scripting environment using Esri’s ArcGIS. The resilient centroid model is applied to the raster data 
and works by shrinking a polygon from its external and internal edges. Shrinking iterations may result 
in smaller fragmented sub-patches. Sub-patches are subsequently eroded to achieve the pixel most 
resilient to the shrinkage. The resilient centroid is guaranteed to be located in the area of greatest 
polygon density or greatest homogeneity and has the maximum distance from the internal and 
external polygon edges (Farmer et al., 2011). Farmer et al. (2011) proved that the resilient centroid 
occurs inside the patch and is not influenced by the complexity of polygon boundaries. 
Two factors must be set in the resilient centroid algorithm: erosion increment and a polygon size filter 
threshold. Erosion increment refers to the number of cells eroded in each stage. The polygon size 
filter is applied after an iteration, to test the size of the resulting sub-patches so that only those larger 
than the threshold are considered for the subsequent process. In this study, the erosion increment is set 
to one so that only one pixel would be eroded in each stage, and no threshold is considered for the 
polygon size filter to get the most nodes out of the patches. We argue that because of the different 
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sizes and fractal dimensions of habitat patches, setting a limit on the size of a polygon in the resilient 
centroid model will mean that the model is unable to give an accurate picture of the largest 
homogenous cores inside the habitat patches. The reason is that the most resilient centroid in a set of 
linear habitat patches may not be as important as the most resilient centroid in a large and compact-
shaped habitat. Therefore, it is preferable to determine all the resilient centroids from a single polygon 
and then, by considering their minimum distance to the edge, choose the centroids which are 
representative of the larger cores (sub-polygons). 
In order to assign the value of each polygon to the resulting centroids, the ‘extract value to the point’ 
tool of ArcGIS (version 9.3.1) was applied. Using the Maximum Distance to Edge algorithm (Farmer 
et al., 2011) and Python scripting, a Euclidean raster for each habitat map was prepared in which each 
pixel has a value of minimum distance to the edge of the specific patch. By assigning the Euclidean 
raster value to the resulting centroids, each centroid has an additional value which shows its minimum 
distance to the border of the polygon. Centroids for each habitat map were filtered based on equation 
(1) below so that centroids with value (minimum distance to edge) less than w  were omitted from 
further analysis. 
  
2
s
w                                                                                                          (1) 
Where s  refers to the suitable width for each target species, w  refers to the width threshold we 
considered for each species and respective centroid layer. This equation is based on the assumption 
that centroids are at the same distance from both side edges. Through this process, every effort was 
made to differentiate between the corridors and habitat patches and depict the networks in an 
ecologically realistic way. 
 
3. Results and Discussion 
Many centroids were derived for each habitat using the resilient centroid model. More centroids 
resulted from linear patch habitats than from compact shapes. This was specifically the case for the 
Growling Grass Frog and the Lace Monitor habitats where there were many linear patches. This was 
not the case for the Fat-tailed Dunnart where the habitats were compact. Also the more varied the 
direction and orientation of the linear patches, the more fragmented the sub-patches and hence more 
centroids. Figure 3 shows some examples of derived centroids for the Lace Monitor compared to the 
Growling Grass Frog habitats.  
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Figure 3: (a) Derived centroids for the Growling Grass Frog (b) Derived centroids for the Lace 
Monitor: Many centroids resulted for linear shape patches. 
After filtering the centroids based on a suitable width using equation (1), the number of nodes 
dramatically declined for the Lace Monitor whereas almost no change occurred in the number of 
centroids for Growling Grass Frog habitats (Figure 4). 
 
Figure 4 (a): The nodes layer for the Lace Monitor: The number of resultant centroids declined after 
applying the width threshold. 
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Figure 4 (b): The nodes layer for the Fat-tailed Dunnart: The number of centroids declined moderately 
by applying the width threshold. 
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Figure 4 (c): The node layer for the Growling Grass Frog: There were almost no changes in the 
number of centroids by applying the width threshold. 
 
Table 1 shows the number of centroids resulting after applying each algorithm. The distribution 
pattern of the final centroids (nodes) is different for each species. The nodes layer of the Growling 
Grass Frog show linear shaped patches with nodes also aligning well, while nodes for the Fat-Tailed 
Dunnart habitat were not of a regular shape and they distribute non-linearly.  
 
Table 1 Number of centroids after applying each algorithm 
 
Target Species 
Lace Monitor 
Number of centroids after 
applying the Resilient Centroid 
Model 
Number of centroids after 
applying the Max Distance 
Algorithm 
7040 56 
Growling Grass Frog 4535 4533 
Fat-tailed Dunnart 389 221 
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Deriving the centroid with a shrinking polygon algorithm provides the opportunity to detect the cores 
of habitats in the input data. Shape and orientation of habitat patches influences the functioning of the 
algorithm. We suggest that this algorithm is more suitable for highly perforated compact shape 
patches (e.g. the Fat-tailed Dunnart habitat map) rather than long linear shape patches (e.g. the 
Growling Grass Frog habitat map).  
The way this algorithm eliminates cells at the edge of the polygon results in fragmentation of patches 
into separate output patches. This assists with detecting cores in patches. These patches and the 
newly-formed sub-patches give a hierarchy to the landscape (Forman, 1995a). The other advantage of 
utilising the resilient centroid model is that the resultant centroids are located inside the patches. This 
facilitates assigning the value of a centroid to a patch. Other methods such as geographic centroid can 
result in centroids outside a patch. 
The results for the three species differ in terms of the number of nodes and their distribution pattern. 
The number of nodes is subject to a suitable width threshold (equation 1). In addition, the shape and 
orientation of patches influences the number of centroids, where the more linear or perforated a patch 
is, the more centroids will be derived. The distribution of the nodes is also influenced by the shape 
and perforation of a patch. 
 
4. Conclusion 
Graph theory is an effective way to represent habitat networks into two classifications: habitat or non-
habitat. In this study we aimed to simulate habitat networks for three threatened species using the 
concept of graph theory. We present the application of two algorithms for developing the node layer 
of habitat network for the target species. The two-step process of resilient centroid model and 
maximum distance to edge algorithm, is an effective way for deriving centroids of complex habitat 
polygons, so that each polygon is represented by a number of centroids with a maximum distance 
from the polygon edges. These centroids represent the core regions of homogeneity within a patch 
that is suitable for a long-term stay of species. The results of this study showed that the resilient 
centroid model is more suitable for perforated compact shape patches rather than elongated thin 
patches. Further to this research, there is a plan to derive the links between nodes in the habitat 
networks which will represent the functional connectivity of the networks.  
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Appendix B: Input GIS layers for development of resistance 
layers 
 
Spatial Dataset GIS layer Attribute 
Attribute classes 
VICMAP 
TRANSPORT 
(Spatial Information 
Infrastructure, 2006) 
tr_road class_code 
 Freeway  
 Highway  
 Arterial  
 Sub-Arterial  
 Collector  
 Local  
 2WD  
 4WD  
 Proposed 
Walking Track  
Bicycle Path 
VICMAP 
TRANSPORT 
(Spatial Information 
Infrastructure, 2006) 
tr_rail struc_type 
 Light rail  
 Tramway  
 Normal rail  
Underground  
VICMAP 
HYDROLOGY 
(Spatial Information 
Infrastructure, 2011) 
hy_water_area ftype_code 
Flat-sti  
Pondage 
Pondage-sewerage  
Watercourse_area  
Lake  
Wetland swamp  
Rapids 
Waterfalls 
Dam  
VICMAP 
HYDROLOGY 
(Spatial Information 
Infrastructure, 2011) 
hy_water_point ftype_code 
Rapids 
Waterfalls 
Dam (eg. Farm dam, 
natural pool, pond, 
waterhole) 
VICMAP 
HYDROLOGY 
(Spatial Information 
hy_water_course ftype_code 
Stream 
River 
Channel/Aqueduct 
(Major) 
Drain Channel 
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Infrastructure, 2011) Drain  
Connector structure  
Connector through 
channels or natural 
water 
VLUIS2009 
(Victorian 
Department of 
Primary Industries, 
2009) 
LU LU_1 classes 
Residential  
Commercial  
Industrial  
Extractive Industry  
Primary Production  
Infrastructure  
Community Service  
Sport/ Recreation 
National 
Parks/Reserves 
NV2005_EVCBCS 
(Victorian 
Department of 
Sustainability and 
Environment, 2008) 
NV2005_EVCBCS X_groupname 
Box Ironbark Forests 
or dry/lower fertility 
Woodlands 
Coastal Scrubs 
Grasslands and 
Woodlands 
Dry forests 
Heathlands 
Heathy Woodlands 
Herb-rich Woodlands 
Lower Slopes or Hills 
Woodlands 
Lowland Forests 
Plains Grasslands and 
Chenopod Shrublands 
Plains Woodlands or 
Forests 
Rainforests 
Riparian Scrubs or 
Swampy Scrubs and 
Woodlands 
Riverine Grassy 
Woodlands or Forests 
Rocky Outcrop or 
Escarpment Scrubs 
Salt-tolerant and/or 
succulent Shrublands 
Wet or Damp Forests 
Wetlands 
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Appendix C: Questionnaire No 1 to develop the resistance 
layers  
 
Assessment of ecological connectivity in urban environments: a multispecies approach 
Development of resistance surface 
Date: 
Expert Name: 
Species under Study (Target Species): 
 
Question: How resistant is each attribute class to the dispersal of the target species? 
 
Input Data 
 
Attribute Classes 
Resistance Values 
Very Low 
resistance 
Low 
resistance 
Medium 
resistance  
High 
resistance  
Absolute 
resistance 
 
 
 
 
Road 
 
 Freeway (0)      
 Highway (1)      
 Arterial (2)      
 Sub-Arterial (3)      
 Collector (4)      
 Local (5)      
 2WD (6)      
 4WD (7)      
 Proposed(9)      
Walking Track (11)      
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Bicycle Path (12)      
 
 
Railway 
 
 Light rail (1)      
 Tramway (2)      
 Normal rail (4)      
Underground (6)      
 
 
 
Water area 
Flat-sti (area subject to 
inundation) 
     
Pondage      
Pondage-sewerage 
(sewage filtration 
beds) 
     
Watercourse_ area 
(Large stream or 
channel or drain) 
     
Lake (e.g. lake, dam)      
Wetland swamp 
(Swamp) 
     
Rapids      
Waterfalls      
Dam (e.g. Farm dam, 
natural pool, pond, 
waterhole) 
     
 
 
 
Watercourse 
Stream      
River      
Channel/Aqueduct 
(Major) 
     
Drain Channel      
Drain       
Connector structure 
(e.g. Pipes & 
spillways) 
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Connector through 
channels or natural 
water 
     
 
 
Land Use 
Residential 
(accommodation) 
     
Commercial (e.g. 
Retail, commerce) 
     
Industrial (e.g. 
Manufacturing, 
Storage, Business) 
     
Extractive Industry 
(e.g. private ownership 
business) 
     
Primary Production 
(e.g. agriculture, 
forestry, animal 
production) 
     
Infrastructure (e.g. 
Major network 
services: gas, 
electricity) 
     
Community Service 
(e.g. Public 
community services) 
     
Sport/Recreation      
National 
Parks/Reserves 
     
 
 
Ecological 
Vegetation 
Classes 
(native 
vegetation) 
Box Ironbark Forests 
or dry/lower fertility 
Woodlands 
     
Coastal Scrubs 
Grasslands and 
Woodlands 
     
Dry forests      
Heathlands      
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Heathy Woodlands      
Herb-rich Woodlands      
Lower Slopes or Hills 
Woodlands 
     
Lowland Forests      
Plains Grasslands and 
Chenopod Shrublands 
     
Plains Woodlands or 
Forests 
     
Rainforests      
Riparian Scrubs or 
Swampy Scrubs and 
Woodlands 
     
Riverine Grassy 
Woodlands or Forests 
     
Rocky Outcrop or 
Escarpment Scrubs 
     
Salt-tolerant and/or 
succulent Shrublands 
     
Ecological 
vegetation 
classes 
Wet or Damp Forests      
Wetlands      
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Appendix D: The resistance layers of the target species: (a) 
the Lace Monitor (b) the Southern Brown Bandicoot (c) The 
Fat-tailed Dunnart (d) The Growling Grass Frog. The lightest 
colour refers to very low resistance areas and the darkest to 
the highest resistance areas (labelled as ‘absolute resistance’) 
 
 
 
281 
 
 
 
282 
 
 
 
283 
 
284 
 
Appendix E: Questionnaire No. 2 to determine the maximum 
effective distances for the target species 
 
Assessment of ecological connectivity in urban environment: A multispecies approach 
to threshold the cost of movement 
Resistance classes  
How far can the Lace Monitor move in each resistance 
class? 
 
Please give a bound of your 
prediction 
Please give an exact point of 
your prediction 
Very low  
(e.g. walking tracks, most 
native vegetation types) 
 
  
Low  
(e.g. local roads, streams, 
agriculture land use) 
 
  
Medium  
(e.g. highway, train rails, 
pondage, rivers, wetlands) 
 
  
High  
(e.g. freeway, pondage-
sewerage, lake, rapids, 
residential and industrial land 
uses) 
  
Absolute  
(e.g. commercial land use) 
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Resistance classes 
 
How far can the Fat-tailed Dunnart move in each 
resistance class? 
 
Please give a bound of your 
prediction 
 
Please give an exact point of 
your prediction 
Very low  
(e.g. heathlands, heathy 
woodlands, dry forests, box 
ironbark forests) 
 
  
Low  
(e.g. agriculture and forestry, 
hills woodlands, walking 
track) 
 
  
Medium  
(e.g. local roads, lowland 
forests, damp forests, 
wetlands) 
 
  
High  
(e.g. highway, train rail, 
wetland swamp, rainforests) 
 
  
Absolute  
(e.g. freeway, pondage, 
waterfall, stream, river, 
residential, commercial land 
uses) 
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Resistance classes 
 
How far can the Southern Brown Bandicoot move in each 
resistance class? 
Please give a bound of your 
predictions 
Please give an exact point of 
your prediction 
Very low  
(e.g. walking track, 
heathland, lowland forests, 
riparian scrubs)  
 
  
Low  
(e.g. local roads, box 
ironbark forests, riverine 
grassy woodlands, wetlands) 
 
  
Medium  
(e.g. streets, dam, stream, 
agriculture and residential 
land use) 
 
  
High  
(e.g. freeway, highway, 
pondage, rapids, river, 
industrial land use) 
 
  
Absolute  
(e.g. commercial land uses) 
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Resistance classes 
 
How far can the Growling Grass Frog move in each 
resistance class? 
 
Please give a bound of your 
predictions 
Please give an exact point of 
your prediction 
Very low  
(e.g. walking tracks, wetland 
swamp, stream, plain 
grasslands)  
 
  
Low  
(e.g. pondage-sewerage, 
rapids, river, channel, 
agriculture and forestry, 
lowland forests) 
 
  
Medium  
(e.g. local roads, pondage, 
lake, heathland, rainforest) 
 
  
High  
(e.g. highway, street, train 
rail, waterfall, residential 
area, box ironbark forests, 
dry forests) 
 
  
Absolute  
(e.g. freeway, commercial 
and industrial land uses) 
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Appendix F: The distribution of (a) Forest types (b) Public lands (c) parks and reserves in relation 
to the study area and Urban Growth Boundary  
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